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Chapter 1 
THE PROBLEM 
Introduction 
Today there is a strong trend in the United States and Canada 
owar<l purchasing a cab with a new tractor or combine o A proximately 
70 to 80% o ·· the larger tractors- ( J.30-330 KW) leaving the factories 
have ca.be; o The majority of 'these tractor cabs purchased have r .frig­
erated air-conditi oning, although it is usually optional (9 ) . 
In order to use refrigerated air-cooling effectively to reduce 
heat build-up in tractor cabs, guidelines and i ndices must be developed 
to e alttate thermal comfort. The conditioning and control of air in an 
agricultural tractor cab is a relatively new fj_eld. Most of the 
research wh:f..ch has been done applies to the conditions in offi.ce.s uhc�re 
the mean adian t temperature equals the air temperature and air 
velocities are less than 45 feet per minute. Operators in tractor cabs 
may be e-:q:>0sed to high radiant temperatures and high air velocities. 
The!:'f:fore, guidel in es and indices are needed for establishing thermal 
comfort in cabs. 
Objectives 
P. o. Fanger of Denmark was the first scientist to generalize· the 
physJ.ologlcal basis for predicting human thermal comfort based on 
acti,dty level, clothing type, air temperature, air. velocity, mean 
radiant temperature, and air hurnidi.ty. Thus for any activity level and 
2 
clothing typer it i s  possible to determine combinations of air tempera-
ture, mean radiant temperature, air humidity and relative air velocity 
which would produce optimum thermal comfort. The Fanger approach has 
been applied s ucces s fully to -offices and b uildings . It would be quite 
useful to demonstrate that Fanger's concepts could be applied to 
tractor cabs. 
When determining the activity level it is also important to 
determine what effe ct various environmental parameters might have on it. 
It is important to det ermine the effect of these parameters because of 
conflicting evidence in the literature. Accor ding to Nelson � al. 
(21), "Metabolic heat production for a given amount of work remains 
unchanged irrespective of change in environmental conditions." Whereas, 
according to Suggs and Splint e r (28), 
It can be concluded from the prediction equations 
derived from the experiments in which temperature , relative 
humidity, and workload were simultaneous independent 
variables that the subject's heart rate, ventilation rate 
and oxygen consumption rate responded in similar manner. 
Each of these three responses increased quite rapidly with 
respect to workload and at about one-half to one-third th at 
rate with respect to temperature. Relative humidity , with 
a small first-order effect, interacted with temperature so 
as to depress temperature effects at low relative h umidity 
values. 
Tilerefore, these parameters should also be investigated to see if they 
have any effect on the activity level readings which are recorded. 
The objectives of this study were as follows: 
1. Determine the effect of cab air temperature and velocity on 
physiological parameters within a tractor cab for summer 
conditions. 
2. Determine if Fanger's criteria for thermal comfort is 
applicable to tractor cabs for summe r condit ion s . 
3 
Chapter 2 
RELATED STUDIES 
� Balance Equation 
Thermal comfort is defined as "the state of mind which expresses 
satisfaction with the thermal environment" (2). Expressed mathemati­
cally, the heat exchange necessary for thermal comfort: between man and 
his environment may be described by the general heat balance equation: 
where 
M = ± E ± C ± R ± S ± W 
M = hea t  produc tion in the body (met abolism) 
E heat exchange by evaporation 
C � heat exchange by convection 
R heat exchange by radia tion 
S = hea t st ored in the body 
W = mechanical w ork ac�omplished 
Positive values for E, R, and C w ill all ·cause the mean body temperature 
to rise; negative values will cause it to fall. A positive value for 
S indicates tha t  the average body temperature is rising; when negative, 
it is falling; and when zero, the body is in thermal equilibrium. 
''Work W is positive w hen acc omplished by the body (eg. walking up s teps) 
and this potential energy must be s ubtrac ted from the body energy 
produced (M) to find the net hea t developed within the body core. When 
4 
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Wis negative (walking down steps)t this heat is added ·o the body 
system" (2). 
Each ter.m in the heat balance equation is conv niently descd.bed 
' 2 2 in terms of energy per unit area of body su·face (eg. W/m , Kcal/hr-m , 
or BTU/hr-ft.2) ince heat exchange--whether by radiation (R), convec-
tion (C), or vaporization (E)--is always related in some way to the 
body's surface area. The most common measure of body su face area has 
been ptoposed by DuBois (2). It is described by the f rmula 
BSA= 0.203X104 w0·425 h0·72
5 
where the DuBois body surface area (BSA) is in s quare meters, body 
weight (w) is in kilograms, and height (h) is in meters. Another 
measure of body surface area has been proposed by Boyd (5) and is 
described by the formula 
BSA •  (J.ZO w0.7285 - .0188 log w h0�
3
) 
7 l04 
where body surface area (BSA) is in square meters, body weight (w) is 
in grams, and height (h) is in ce�timeters. 
Indices Used to Evaluate Th�rmal Comfort 
There are three classes of environmental indices· (a) the direct, 
(b) the rationally direct, and (c) the empirical. 
The direct indices are common terms to most engineers. They are 
the �-�bu.lb temp�ture , dew point temperature, wet-bulb temperature, 
relat�� humidity, and air movement. 
Some of the rationally derived indices are � radian� tempera-
�,. o�e��!=_.:i.ve tem2.!:_rature, and humid operative temperature. The 
mean radiant temperature is defined as "the uniform surface temperature 
6 
of an imaginary black enclosure with which man (also assumed a black 
body) exchanges the same heat by radi.ation as in the actual environmentn 
(2). The operative temperature is defined as "the uniform tempe ... ature 
of an imaginary enclosure with which man will exchange the same dry 
heat by radiation and convection as in the actual environment" (2). 
Humid operative tempe1·ature is defined as "the uniform temperature of 
an environment at 100% relative humidity with which a man will exchange 
the same heat from his skin surface by radiation, convection, conduct­
ance through clothing, and evaporation as in the actual environment" 
(2). 
'fhree connnon empirical indices are the wind chill index, b l.?ck 
globe temperature and effective temperature. The wind chill index was 
developed by Paul Siple in 1948 for use by the U. s. Army while in 
Antarctica. It is an empirical equation which describes the rate of 
heat loss from a liter cylinder of water at 33° C (91.4° F) as a 
functi n of ambient temperature and wind velocity. There has been 
some objection to the wind chill index because it reaches a peak value 
at 56 mph and then decreases; but for velocities less than SO mph this 
index Las been reliable (2). The black globe temperature combines the 
physical effects of dry-bulb temperature, air movement, and radiant 
heat received from various surrounding area. It is determined b y  
taking the equilibrium temperature of a 6 inch diameter black globe 
(2). Effective temperature is an . index which combines the effect of 
dry-bulb temperature, wet-bulb temperature, and air movement to yield 
equal
.
sonsations of warmth or cold. (2). This scale "overemphasizes 
the ef feet of humidity il-1 the cooler conditions . underemphasizes the 
effect of h��idity in the warm conditions and does not fully account 
for air velocity under hot-humid condi tions. Finally, its use is 
limited tli sedentary co11di tions" (2) • 
The fi.rst single temperature scale, which was used to measui'e 
thermal comfort of the environment, was developed by Houghton and 
Taylor in 1923. !bis index of thermal comfort was called effective 
temperature (ET)o The results of this study combined the effects of 
dry-bulb temperature, wet-bulb temperature and air motion on a single 
chart (15). 
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An American Society of Heating, Refrigeration and Air Conditioning 
Engineers (ASHRAE) comfort chart was published in 1925. S ince that 
time, a note has been added which defines its application. 
Both summer and winter comfort lines apply to 
inhabitants of the United States · only. App lication of 
winter comfort line is further limited to rooms heated 
by central systems of the cbnvection type. The line 
does not apply to rooms.heated by radiant methods. 
Application of summer comfort line is limi t:ed to homes, 
offices, and the like,. where the occupants become fully 
adapted to the artificial air conditions. The line 
does not apply to theatres, department stores, and the 
like where the exposure is less than 3 hr. The summer 
comfort li.u.e shown pertains to Pittsburgh and to other 
c,i ties in th No rthern portions of the United States and 
Southern Canada, and at elevations not in excess of 1,000 
ft. above sea level. An i.ncrease of one deg ET, should 
·be made approximately per 5 deg. reduction in north 
l�titude (22). 
As early as 1950 plans were made by .. the American Society of 
Heating and Ve n t ilation Engineers (ASHVE) to reevaluate the comfort 
chart. A study by Koch, Jenning and Hemphreys (16) was the first step 
8 
toward reeval ation of the �omfort chart. The results showed that over 
the range o f variables studied, comfort is only slightly dependent on 
humi dity and the optimum comfort line is approximately straight and 
ranges from 77.6° Fat 30% relative humidity to 76.5° F at 85% relative 
humidity. 
In 1966, Nevins an d his colleague .. (23) defined a new comfort line. 
His results showed there was a strong linear effect of temperature and 
a smal er linear effect of relative humidity (R. H.) on thermal comfort, 
an in teraction effect between temperature and R. H. was statistically 
significant, and that there was no significant difference between 
af tern.con and even::tng tests. 
In 1972, a new comfort chart was published by ASHRAE. It included 
he comfort envelope from the KSU-ASHRAE project, the comfort zone 
recommended in the ASHRAE Comfort Standard 55-66 an d the new Effective 
Temperature Scale (ET*) based on a simple model of human physiological 
response. This comfort chart "applies generally to altitudes from sea 
level to 7,000 ft. and to the most common special case for ind�o r 
thermal environments in which n�an radiant temperature is nearly equal 
to dry·-bulb air temperature and air velocity is less than 45 fpm" (2). 
Fanger' s_ Comfort Equation 
P. o. Fanger (13), from the Technical University of Denmark, was 
the first person to gen eraliz e the physiological basis of comfort so 
that for any activit y level and clothing value it is possible to 
analytically predict comfort in terms of environmental parameters. His 
comfort equation is based on three basic con dition s for opt;imum thermal 
comfort. The first condition is based on the existence of a heat 
balance at thermal equilibrium (body heat 
functional notation it takes the following 
F{H/ P.l)u, I l' t a' t mrt' Pa' c 
where 
storage 
form: 
v, t 
s' 
equals zero). 
E /� ) = 0 
SW . U 
In 
= internal heat production per unit body surface area 
t mrt 
v 
t s 
(f))u = DuBois Body Surf ace Area) 
= thermal resistance of clothing 
= air temperature 
= mean radiant temperature 
= pressure of water vapor in ambient air 
= relative air velocity 
= mean skin temperature 
E /A� = hea loss per unit body surface area by evaporation of SW -""DU 
sweat secreation 
The second and third basic conditions for comfort are based on 
experimental observations that during a state of comfort a unique 
relation exists between the level of activity and mean values of skin 
temperature and sweat secretion. The results have the following fo'l.'m: 
t8 = F (H/t\) 
Esw = P!)u F(H/�u) 
By substituting the conditions for skin temperature and sweat 
9 
secretion into the heat balance condition, the desired comfort equation 
takes the fallowing fo·rm: 
F (H/ A u, I l' t �- t . t, p , v) = 0 . - -u c a mr . a 
!bus for any a c  ivity level (H /�'"Ti. ) and any clothi ng (I ) it is uu cl 
possible to calculate any combination of air temperature (t ) , mean 
a 
radiant temper,ture (t 
t
) , air humidity (p ) ,  and relative air 
mr a 
velocity (v) which would produce optimum thennal comfort. 
Environmental Conditions in Small Enclosures 
Most of the studies which have been done on thermal comfort have 
10 
been concemed with the environme-nt in buildings . Eriksson and Dorni er 
(1 1)  made a compa.ison of the heat losses for a person in a building · 
and a tractor cab for the same activity level and clothing and for 
outside conditions of -20° C and 200 Pa. The comparison is as 
follows: 
Building Tractor Cab 
Radiation 40% 63% 
Convection 40% -3% 
Evaporation 20% 40% 
_ uThis comparison shows the influence of the large glass surface 
area on the heat loss by radiation. The heat loss through evaporation 
and breathing increases markedly while the convective heat in this case 
must be supplied to the body to maintain a therma.1 balance" ( 1 1). 
Domier (9), in a separate paper, also noted differences in 
environmental conditions in small enclosures such as a cab as compared 
to the most commonly recommended design conditions for comfort . Ari 
operator of a tractor may have an activity of two to three mets 
dependi.ng on the physical effort involved. However, the 1 972 ASHRAE 
1 1  
Comfort Chart is designed for an activity level range of 1.0 to 1.4 
mets. According to the Fanger Comfort Chart, an increase in activity 
level from one to two mets will require a decrease in temperature of 
6° to 9° C d d" h 1 hi . epen ing on t e c ot ng worn. Similarily, changing from 
light c lothing (0.5 clo) to heavy clothing (1 . 5 clo) will require a 
decrease in 0 emperature of 5 C at an activity level of one met and a 
decrease of 9° C at an activity level of two mets . Lastly, the 
distri.bution of air in a cab may result in air velocities that are 
objectionable to the operator. 
Thermal gornfort £._f:_ Subjects in Tractor Cabs 
Som studies have been completed which deal specifically with the 
thermal comfort of subjects in tractor cabs. In a study by Turnquist 
and Thomas (30), 85 male subjects participated in a tractor cab 
subjective comfort study. Each subject spent 50 minutes inside the 
cab in order to evaluate one of five levels of dry-bulb temperature 
settings. Each subject rated thei.r comfort on a scale of l to 7 (4 
being comfortable) and these· ratings were compared to various indices 
such as wet-globe temperature, effective temperature, ambient tempera-
ture and the 1972 ASHRAE comfort chart. The results showed that 
ambient temperature at the occupant shoulder height was a better 
indicat-e11.· of comfort than effective temperature or wet-globe tempera-
.ture. Eriksson and Dornier (11) have done work on the comfort of 
subjects in heated tra ctor cabs. In their investigc;ition a test panel 
of 15· persons were used to evaluate conditions for thermal comfort. 
The subjects were exposed to the cab environment for 2 .  5 }iours with a 
work level of about 90 W/m2 being generated by pedalling a special 
bicycle rgometer for 5 minutes with 5 minute rest intervals.. Tvio 
types of clothing were used (1.5 clo and 2 .0 clo), and the subjects 
stated at which cab temperatures they felt comfortable. A compar:i.son 
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of the cab temperature chosen by the subject to a calculated comfortaule 
temperature based on Fanger's comfort equation was made. The sirea.d in 
data was quite large. "This may indicate that the comfort equation is 
applicable only to an average group of people. The variation between 
individuals therefore places increased demands on the whole heating 
and ventilating system to provide the condi ions .desired by the 
operator" ( 11). 
Measuring Metabolism 
Calorimetry is the process of measuring quantities of heat 
production. I,avoisier, considered the founder of the modern science of 
nutri�ion, began the measurement of metabolic energy in the late 18th 
century. He placed a guinea pig in a very small closed chamber 
surrounded by ice. Attempting to quantify animal heat production, the 
degree of melting became his index of metabolic activity . He also 
measure his subjects' respirntory exchanges and soon demonstrated a 
signif:f.cant relationship between oxygen uptake and heat output. This 
relationship is now well understood. Food enters the body as stored 
energy. It is liberated by oxygen in order to fuel bodily fun ction s .. 
This process is known as oxidation. The energy facilitates muscular 
work, chefilical synthesis, and ionic balance and is ultimately reduced 
to heat. Thus, metabolic activity can be determined di.rect ly throu gh 
the output of heat or indirect ly through the intake of oxygen (26) . 
Direct Cal�rimetry 
I 
Direct calorimetry is di ff icult and costly in practice though 
easy in theory. "If an animal or man is put into a small chamber in 
13 
which all the heat evolved can be measured , the total energy expenditure 
is the sum of that .heat ,elus any -mechanical work perform2d" (8). 
In 1892, Atwa ter began work on a chamber which pennitted both 
direct and indirect meas urement of heat production in man. This 
calorimeter was a closed room containing a couch and bicycle er gometer . · 
Food was passed in and excreted out through a smal l hatch. All body 
heat was taken up by water circulating in pipes t h rou ghout the calori·-· 
meter.. Thus the. energy output of the subj ect was determ.ined by the 
rise in water tc�n1per:ature. Simultaneously, indirect measurements were 
made through a closed respi ratory system (26). Two conclusions were 
reach�cl using de Atwater calorimeter (8}: 
I. Total energy expend�ture (the sum of the heat produced plus 
the mechani cal work done) was equal to the net energy from 
the food consumed (the total chemical energy in the food 
minus the energy lost in the faeces and uri ne). They l�ft 
nO--Joubt that. rhan obeys the fundament a l  phys ical l aw of the 
Conservation of Energy. 
2. Tot al energy e�penditure is quantitatively re lated to the 
oxygen consumption. 
In other words, indirect cal orimetry proved to be nearly as 
accurate as direct calorimetry • 
.3l.8.32.5 
SOUTH DAKOTA STATE UNIVERSITY LIBRARY. 
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Indirect Calorimetry 
Indirect calorj_metry is the measurement of oxygen cons umption . It 
is a far simple r procedure than direct calorimetry and has for many 
years replaced direct calorimetry in the study of energy expenditure. 
"It is based on the fact that when an organ ic substance is completely 
combusted either in a calorimeter or in the human body, oxygen is con-
sumed in amotmts directly related to the energy liberated as heat11 (8). 
Lusk (17) states that the quantity of oxygen required in metabolism 
depends on the kind of material oxidized in the organism and the 
relatlon. be twe en the amount of oxygen absorbed and carbon di.oxide 
eliminated depends on the same factor. The ratio of the volume of 
---
carbon dioxi de expired to the olurne of oxygen inspired during the same 
interval of time is called the respiratory quotient (RQ). The RQ varies 
with the diet. If the comparat ive amounts of carbohydrate, protein, 
and fat are known, an RQ can be estimated. Accurate data is obtained 
by measuring both o2 and co2 under calorimetry conditions. However, 
Brody (6) points out that 
• • •  while the range in caloric equivalents of C02 is 
relatively wide, from 5.0 to 6�7 Cal . per liter, the range 
of caloric equivalents of o2 is relatively narrow � from 4.7 
to 5.0 Cal per liter, an extreme range of 7 percent, or a 
deviation of about 3 . 5 percent from the mean value (when 
the RQ is 0.82), which is within the limits of experimental 
error in metabolism measurements. 
Furthermore, since the average RQ of protein is 0.82, 
wh ich corres pon ds to the average caloric value of 02 of 
4.825 Cal per liter, no correction need be made for prote in 
metab�lism when measuring energy consumption by oxygen 
consumpti on (6). 
1 5  
The re fo re 11 the s imples t and perhaps the mos t ac curate me thod for 
meas uring energy met ab olism is by meas uring the rate of  oxy gen consump ­
t ion and comput ing the heat production by the caloric value o f  oxy gen . 
Mos t meas urement s  o f  oxygen upt ake are made when the s ub j ect is 
b re ath ing in to s ome form of apparatus whi ch can meas ure the tot al 
volume of gas expired and provide a s ample of the expi re d  ai r for 
analysis . Valves are used to s ep arate the inspire d  air from the 
expire d ai r .  Thes e valves may be hous ed in a smal l met al o r  plas t ic 
box w ith a rubber mou th piece whi ch the subj e c t  grips between his teeth 
or they may be hous e d  in a rubbe r  mask covering the face ( 8) . 
Meas ure en t of the res piratory exch anges may take two forms --the 
open me thod and the clos ed me thod . In the open me thod , the subject 
breathes in normal room air  and h is expi red ai r is col l e c te d , i ts 
volume me as ured , and a s ample taken for analysis . In the c lose d  method , 
the s ub j e c t  b re athes enti re ly both in to and out o f  the apparatus and 
is completely cut of f from the atmosphe ric ai r .  
The most common apparatus uti liz ing the close d  circuit me thod for 
me as uring oxy gen up t ake is  the Benedict -Roth Spirometer . At the start , 
the apparatus is fill ed with oxy gen from a cyl inde r .  This rais es the 
spironie te r bell , whi ch floats on a water seal . The s ub j e ct b re athes 
through a mou thpie ce . Valves are us ed t o  separate the inspi re d  air 
from the e xpi red air , which circ ulate through the sp iromete r .  A 
can is t e r  con taining sod a l ime ab s orbs the carb on d ioxide produced . The 
�olume of gas in the sp irometer decreas es as the s ub j e ct us es up oxygen . 
The b ell falls s lowly and the fall is re corde d by an ink-writ ing 
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kymograph driven b y  a mo t or . The tracing gives a record o f  the ra t e . o f  
uti li z a t ion of oxygen < 1 8) . 
Many d i f fe rent typ,.:;s o f  op en ci r cui t syc t ems have been des i gn.ed e 
The Douglas gas sys tem meas ur� s  rates o f  oxygen up take and c arbon 
dioxide exc re ti.on . The subj ect b re athes in ordinary room air and 
exp i res air to a huge b ag where it is col lected . Thi s  expi red ai r is 
then p as s e d  through a gas me te r , measured and a p ro p or t i on set as ide 
for analy s i s  o f  oxygen an d carb on d ioxide con t ent . Thi s  method is the 
s imples t and mos t  r e l i ab le means o f  measuring res p i rato ry exchanges in 
the labora t ory .  However , it is somewhat uncomfor t ab l e  fo r the subj ect 
and lncks mob i l i ty for exper :l.ments iu the field ( 8 ) . 
In the 1 9 20 ' s  the Max Planck respirome ter was d evelop e d  at the 
Planck Ins ti tute f o r  Work Phys iol ogy in Dortmun d , Germany . The 
app ara · us was a po r t ab le respi rome t e r , weighed ab out 5 pounds , and 
could be worn on the back . It co ld measure the vo lume o� expired ai r 
direc t ly and s imu l t aneous ly divert a small f ra c t ion int o  a b lad der for 
subsequent analys i s . I ts in troduc t ion made i t  pos sib le to meas ure the 
energy expend ed in a vari e ty of normal occupa t i ons (8) . 
Chap ter 3 
PROCEDURES 
Overview 
After reviewing the litera ture , i t  is apparen t that guidelines and 
j.nd ices for comfort in tra c t or cabs nee d to be deve loped .  Fanger ' s 
ide as seem ap p l ic ab le . However , -in des igning the experiment a conf l i ct 
arises from the lit e rature in regard to th e e ffe c t  o f  environment al 
parame ters on the meas urement of the ac tivity leve l . There fore , this 
are a needs to be s tudied be fore the re levance of Fan g er ' s equations 
can be s t udied � With these  ideas in mind , the s t udy w a s  di rided int o 
two p arts . 
Part I 
Tes ts were conduc ted to dete rmine the in fluen ce o f  air temp erature 
and air velocity on heart ra te , pulmonary ven tilation , oxygen con. 'ump·-
tion , and me t ab o l ic rate of s ub j e cts in a tractor c ab . A s p l it-plo t 
des ign was chos en .  
0 0 0 
Th ree levels of temperature (18 , 24 and 30 C) 
were used as whole plo t s . Three levels  of air flow (8 . 5 , 1 2 . 5  and 
16 . S  m3 /min ) we re vari ed randomly at a given temperature to give the 
subplots . The s p li t  plot des i gn all owed greater accuracy in determining 
differences due to di ffe rent air ve lo city levels . Les s  accuracy was 
associated. wi t h  d i f fe ren ces due to d i fferent temp e rature levels • . 
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Par t I I  
18  
Tes ts we re conducted t o  de termine the applicab ili ty o f  Fan ge r ' s 
concep ts to a t rac tor cab . Subj e c ts were al lowed to ad j ust  th e Mab 
temp e ra ture to maintain comfort  (thermal equilib rium) during a two 
hour tes t perio d . Each half hour , app rop riate data o f  activi ty leve l , 
air humidity , air temperat ure , me an radian t t emp e rat ure , relative air 
ve locity and clothing were col le c te d . Comfort leve ls from Fanger ' s  
equation we re de t e rm i ne d . Statis t ical an alys es  were performe d  to 
detennine : ( 1 )  :l f d i ffe ren ces exis t ed in the votes  of comfort c a l cu-· 
late d  each hal f hour , an d  ( 2) i f  Fanger ' s  cri teria for c omfort 
(P redicted Hean Vote) w a s  accep t ab le in a t ractor cab . 
Phys iologi cal Meas uremen ts 
Bi cyc le E rgome t e r  
A Monark variab le-load bicy cle ergometer was u s e d  i n  this s tudy to 
provide work levels for th e sub j ects . P revious inve s t i gat ions have 
shown that s ub j e c ts are familiar with this inst rument . Hence , an 
increas e  in skil l is minimized as an uncon trolled va riab le ( 10) . The 
bicycle e rgome t e r  was placed in a position which allowed the pedals to 
be ins ide the cab and the lo ad adj us tment me chanism to be out side of 
the cab . See Figure 1 .  This allowed adj ustmen t of the load without 
dist u rb ing the sub j e cts ' envi ronmen t .  
Ins t ruments us ed in conjunction with th e bicy cle e rgome t e r  provided 
addit ional ac curacy in dete nnining the sub j e c t s ' workload . A He lipot 
one-turn ro t ary poten tiome t e r  was moun ted on the pendulum as shewn in 
Figure 2. The pot en tiome � e r  was connected in a one-half �heat s t one 
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Figure 1. Bicy cle Ergome t e r  P lacement 
Fi gu re 2 .  Ro t ary Potent iome t e r  Moun�e1 on B i cyc 1 e  E rgome te r  Pen dulum 
b ridge to one channe l of a two ch anrn=_l os cillo graph ( O f fner Typ e RS) . 
It was calib rated s o  that as the pendulum swun g  through a range o f  
1 kilopond on i t s  indica t o r , the pen o f  the os c i l lo gr aph de flec ted 
20 line.s  (O . 05 Kiloponds / l ine ) . A mi c roswi t ch was mounted on the hub 
of the large whee l s as shown in Figure 3 .  A Be ckman Model 62 40 EPUT 
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and Time. r w as  us ed to determi.ne the numb er o f  times th e mi crosw i t ch 
clos ed per s econd thus giving th e speed of the wheel. Tne mi croswi tch 
was als o conne cted to one ch annel o f  the os cillograph through a doub le ­
pole d oub le-throw sw i t ch . Thus it was pos s ib le to ge t a di git al as wel l  
as a permanen t readout o f  the s peed o f  the wheel . Hence , thinking o f  
the ergometer as a P rony B rake the workload was de termined b y  us ing 
the f o llowin g  formula : 
Wo rkload (kilopond-meters /min) = Tens ion (k iloponds ) 
x Speed ( Rev/s ec) x 1 . 625 me t e rs / re v  x 60 s e c /min 
The s eat in the cab was movab le in a horizontal pl ane . This 
allowed the s ub j e  t s  to  s e lec t the prope r dis t ance f rom the s ea t  to the 
bicycle pedals. 
Pulmon ary Ven tilation 
An Ohio Midas face mask , sh own in Figure 4 ,  was us ed in this 
study . Two Coll ins one -way valves and a tee -j oin t were us ed to 
separate the insp ired air from the expi red air. On the inhal at ion 
s ide of  the mask an Ohio Vortex Respiration Monitor tran s ducer was 
at tached . 'Ib is flowmet er was calib rated with a Benedict-Roth spirome te r 
and fotm d accurate in the me as ureme n t  of air flow . . The pulmona1--y 
ven t i l a t ion o f  each s ubj ect was b t ained by direct re ading of the 
Figu re 3 .  Mi croswit ch on B i cy c le Ergome t e r  Whee l 
Figure 4 .  Face Mask w·i th Tran s ducers 
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ins t rumen t .  The ins t rumen t automa t ically res e t  i t s el f to zero for 
e ach liter o f  a i r  wh ich passed through i t . The t e s t  admin i s trator 
ob s erved the numb er o f  times the inst rumen t re cy cled and re corded this 
value in addit ion to th e readout o f  the ins t rumen t .  The Ohio Vortex 
Res piration Mon i t o r  is shown in Figure 5. The transducer o f  this 
ins t rumen t  may als o  be s een in Fi gure 4 .  It ls th e tub e  on the 
s ubj e c t ' s  le f t  of the face mas k . 
Oxygen Analys i s  
A Teledyne Se ries 330 Portab le Oxy gen Mon i t or was u s e d  fo r , xygen 
an alys is . The cal ib ration o f  th is in s t rumen t was· comp a re d  to the 
calib ration o f  a Be ckman OM- 14 Oxygen Analyze r and found to b e  in 
agreemen t .  The ins t rument is shown in Fi gure 6 .  The tran s duce r  of 
the oxygen mon i t o r  is also shown on the s ub j ect ' s  righ t  of th e face 
mask in Fi gure 4 .  
Hear t Ra te Re co rding Equ ipment 
An E &N Phys iograph S ix was us ed t o  re c o rd th e e le c t rocard i o grams 
o f . the s ub j e c ts . For Par t  I ,  f l a t  plate ele c t rodes we re us ed to 
rece ive the s ignal o f  t h e  heart beat ing . S e e  Fi gure 7. Howeve r , th e 
plates sh i f te d  on the s ub j ec t s  as they pe dalled . Th is cau s �d th e bas e­
l ine o f  the e l e c t ro c ardiograms to con t inuous ly sh i f t  and made them 
d i f f icult to re ad . So for Par t II o f  the s t udy , Welsh Self-re t aining 
Ele c t rocard iogram Ele c t rod e s  we re us ed . See Fi gure 8 .  They rema ine d 
fixed on the s ub j e c t . 
Figure 5 .  Ohio Vortex Res pirat i on Monitor 
Figure 6 .  Teledyne Se ries 3 30 Portab le Oxygen Mon itor 
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Fi gure 7 .  Flat P late E lect rodes Used For E le c t rocardiogram 
Fi gure 8 .  We lsh E le ct rodes Us ed For E le c t ro card io gram 
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Environment a l  Measurement s 
Envi ronment al Tes t  Fac ili ty 
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The envi ronment a l  tes t fac i l i ty des i gned by Turnqui s t  e t  al . ( 3 1 )  
was us ed fo r a l l  o f  the tea t s . S ee Figure 9 .  The a i r  di s t ribut ion 
sys tem ins ide he cab was des i gned to g ive an "air cur t ain i r  e ffect 
around the operator . High air ve loci t i e s  exi s te d  in. the region outs i de 
of the ope rator ' s working area�· whi le low ai r ve loc it ies exi s t e d · around 
the ope rat or . 
Te s t s  were condu c t ed on the e as t  si de o f  the Ag r i cult ur al 
Eng ineering building wi th the t e s t  fac i li ty facing s ou th . Occas i�nally 
the t e s t  faci l i ty was lef t  ins ide the .building t o  s imul at e  a ve17 cl oudy 
day whe r e  the me an rad i an t  t emperature eq ual led the dry-bu lb air 
t empe r a t ur e . All tes t s were conducted in the morning . The f i rs t  part 
of the s t udy was conduc ted in July of 1 9 7.5 .. The se cond t: art o f t:!le 
s t udy was cond uc t ed dl!ring June and July of 1 9 76 . 
Duc t  Air Flow Calib rat i on 
The duc t whi ch supplies ai r from the fan t o  the inlet plenum was 
prob ed to d e t ermine the ai r f low rate . The s e t-up was s imi l ar t o  
Thomas ( 2 9 ) . Ve loc ity measurement s  at 1 2 . 7  mm incremen ts acro s s  the 
duc t we re made us ing a The rmo- S y s tems 10 5 1  s eri es c on s t an t  t ern e rature 
hot wi re anemome t e r . Then an IBM 360 compute r was us ed to c a l culat e 
increment a l  f low ra te s and s um these f low r at e s  t o  ob t ain the t o t a l  
flow ra te . 
Th:f.rt een fan speeds we re used during the calib rat ion p roc:ess . Tile 
fan speeds ranged from 800 to 2000 RPM in incr ements o f  1 00 RPM . Three 
--- - - -
- -- ----- - -
-
Figure 9 . 
Environment
al Test Fac
ilitY 
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readings we re taken at each fan speed . A l ine ar re gre s s ion an alys is 
was made for flow rate in m3 /min vers us fan speed in RPM . Af te r 
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calib rat ion any des i red air flow rate could b e  sele cted by s e t t ing the 
fan speed . Two cal ib ra t ions we re made becaus e between the firs t  and 
se cond pa ts of the s t udy , a new ai r condit ioning sys tem was in s t alled . 
The result s are shown in Tab le 1 .  
- TABLE 1 
Regres s ion Equations for Air Flow with Louve re d Cei l ing 
- ---
Variab ility 2 Standard 
1 Explain e d , R Deviation Studl No . Regress ion Eguation (%) (m3 I min ) 
l 
2 
1 
3 m /min = 0 . 0 1048 (RPM) - 1 . 205 99 . 6 5 0 . 2 6 3 
3 m /min • 0 . 0 1 0 39 (RPM) - 1 .  9 38 9 9 . 65 0 . 624  
Each e qua t ion i s  b as ed on 1 3 points . The RPM range is from 
800- 2000 . 
In the firs t  part  of the st udy , three flow rates o f  8 . 5 ,  12 . 5  an d 
3 16 . 5  m /min we re use d .  In the second part , on ly the 8 . 5  m
3 /min flow 
rate was used . This part i cu lar value was sele c te d  s in ce i t  was s imi lar 
to the a:ir f low rate us ed by Eriksson and Dorni e r  ( 1 1 ) . 
Meas uremen ts a t  two heights . ab ove the floo r as s ugges t e d  by Thomas 
(29 )  we re taken to de t e rm ine the re lat ive ai r velo city . The lowe r 
leve l  was 7 1 . 1 2  cm a.hove the f l o o r  or j ust above the ope rator ' s knee s .  
,< 
The up pe r leve l was 1 1 6 . 84 cm above the floor  at app rox imat e ly shoul de r 
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heigh t  o f  the ope rator . Velo c i ty meas urements were t aken us ing a 
Thermo-Sys tems Model VT- 1 6 1D omn i-dire c t i. onal low vel o ci ty p rob e . A 
matrix ·was cons t ru c t � d  around the opera t o r ' s  are a . Read ings tvere t aken 
at 14 cm int e rva l s  s tarting a t  the .rear l e f t  _ s i de o f  the ope.rater and 
progres sing in a clockwis e  direct ion . See :Figure 10 . 
Itt addit :f.on : 
1 .  The vo ltage o u tput o f
_ 
the Thermo-S ys t ems Mod e l  VT- 1 6 1 D ve loci ty 
probe was reco rde d  using one channe l  o f  a two ch anne l o s c illograph 
(Of f ner Typ e RS) • The inking pen recorded dynamic da.ta or .. curvi linear 
graph paper at 5 trJn/sec wi th a sens i t ivity s e t t in g  o f  0 . 05 vol t s  per 
line . 
2 �  All ve l o c � ty readin g s  we re t aken wi th the cab in the eas t 
wing of the Agr i cul tural Engineer ing b ui lding . 
3 �  Th e  vel o c i ty prob e was h and held b y  the c ab o c cupant fo� all 
read ings . 
4 .  Each d a t a  t race was then p l anime t ered and the area comp are d 
to a known vo l tage p e r  uni t are a to ob t ain a vo l t a ge output . Thi s  
vo l tage was compa re d to  the cal ib rat ion curve t o  ob tain a n  ai r 
ve locity reading . 
J..n ave rage of a l l  the ve lo ci ty reacings was used for the cab ai r 
velocity a t  each f lew rat e . The resul ts are given in Tab l e  2 .  
Figure 1 0 . Cab Air Velocity Measurement 
2 9  . 
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TABLE 2 
Mean Air Velo c i t ie s  Ins i.de Cab 
Flow Ai r S t andard--
Rate Vel o ci ty Devi a t i on 
St udy No .. (m3/min ) (m/min 1 (m/min ) 
-r---� 
1 8 . 5  10 . 39 6 . 1 6 
1 12 . 5 1 7 . 2 2 9 . 88 
l 16 . 5  2 8 . 0 3 1 3 . 6 2  
2 8 . 5  1 1 . 45 6 .. 6 7  
A1 r  ve locity around the black glob es was me as ure d fo r d� t e rminat ion 
of the me an  radi an t  temperature . Velocity read ings we re taken on th e 
four s ide s o f  a ho rizon t al plane through the cen t e r  o f  e ach o f  th e 
b lack g lob es for each flow rate . The meas uremen ts were made using 
the low ve lo city p rob e ( s ee Figure 1 1 )  an d  fol lowing the same procedure 
us ed fo r d e t e rmin ing the cab air ve lo city . The re s u l t s  are shol'rn. in 
Table 3 .  
�-- --,........----
Figure 1 1 . B lack-Globe Air Veloci ty Measurement 
3 1
. 
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TABLE 3 
Ai r Velo cities Around Black- Glob e s  Ins ide Cab 
UEEe r Level l  Middle Level2 Lower I.eve 13 
Flow S t andard Standard St andard 
Study Rate Me an Deviat ion Mean Devi ati on Mean Deviation 
No . (m3 /min ) (m/min) (m/min ) (mjm1n) 
1 8 . 5  7 . 74 3 . 20 8 . 34 0 . 94 3 .  7 3  1 . 4 4 
1 12 . 5  12 . 80 1 . 4 3 1 4 . 55 2 . 39 1 3 . 4 1  4 . 20 
1 1 6 . 5  20 . 3 1 ' 2 . 83 22 . 9 7  4 . 35 1 8 . 33 2 • .5 3 
2 8 . 5  10 . 0 8  1 . 25 1 8 . 0 3 ' 0 . 80 1 2 . 78 2 . 00 
1 1 2  L 9 cm above the floo r . 
2
76 . 2  cm above the floo r .  
320 . 3  cm ab ove the floor . 
Tempe ra ture ���as uremen t 
All tempera ture re ading� were made us ing 2 6  gauge copper-constanta£1 
the rmocoup les and a Honeywell _ 2 4  point s t rip-chart re cord ing potentio-
meter . The me an cab t empe �a ture was determine d by connecting 10 
thermocouple s  in paral le l . Thermocouples were lo cate d according to 
guidel ines s ugge s t e d  by Hosl er (14) an d  were shiel ded from the S \lll ' s  
radiation by a 6 cm length of 2 cm diameter plas t i c  tub ing covered with 
aluminum foil as shown in Figure 12 . Wet-bulb temp erat ure s  were 
ob tained us ing the tempe rature -humidity devices developed by Thomas 
(29 ) .  
Black-globe temp era ture sens ors were made by ins e r t ing a thermo-
couple in a p ing-pong b all wh i ch had b een pain ted  b lack . , B lack-globes 
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Figure 12 • . Shielde d The rmocoup les an d B lack-Globes 
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we re h un g  at three height s �  20 . 3 cm , 7 6 . 2 cm and 1 2 1 .  9 cm ab ove th e 
flc o ·t� .  These he igh t s  a re an alogus to the hei gh t s of the thermocouples 
for det ermining me an cab temperature . See Fi gure lL . 
Four teen diffe rent temp era t u re re adings we re taken ins ide an d  
ou ts ide of the c b as de f ined in Tab le 4 .  
l 
Thermo coup le No .. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
12 
1 3  
1 4  
TABLE 4 
The rmocouple Loc ations 
Loc at ion 
Mean cab tempera ture 
Upper level black-glob e temp erature 
Uppe r level air tempe rature 
Middle leve l  b lack- globe t empe ra ture 
Middle leve l ai r tempera t�re 
Lowe r level bl ack-glob e temp e r ature 
Lmve r leve l a i r  tempe rature 
Ret urn duct air tempe rature 
Dry-bulb tempe ratur e  ins ide cab 
Wet-bulb tempe rature ins ide cab 
Dry -bulb tempe rature outside cab 
Wet -bulb temp erature outs ide cab · 
Black-glob e tempe rat ure outs ide cab 
Air temperature ou ts i de cab 
1Numbe r corre sponds to channel n umb e r o f temp e rat ure re cord e r . 
Data Co l le c t ion Procedure 
Tractor driving was s imulated by pedalling a bicycle ergometer .  
The literature revealed no  recent s tudies which had de te rmined the 
energy expenditure necessary to drive a tractor for various farming 
ope r a t i ons � Dornier (9 ) indicated need for res e a rch in this area . 
Astrand ( 3) reported that 4 . 0  Kcal/min was necessary to drive a 
tractor while plowing . This agree d  reasonably well  with 4 .  2 Kcal/min 
reported in the Biologi cal Handbook on Metabolism (1) . Yet , both 
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values were cons idered high for today ' s  trac tors . An energy expenditure 
of  2 . 8  Kcal/min was selected for use in Part I of  the study . This 
value is the energy required for driving a car . Subt racting the energy 
e�'C}lenditure necess ary for s i t ting at ease , 1 .  8 Kcal/min , reported in. 
the Biological Handbook on Metabolism (1) , res ult ed in a b i cycle 
ergometer workload of 1 . 0  Kcal/min or 70 wat ts . 
Part I 
Upon arriving at the Agricultural Engineering building , the 
subj ect underwent several preparatory s teps : 
1 .  The sub j ect was weighed while nude . 
2 . His height was measured . 
3 .  His tempe rature was taken . Any subject with an above 
normal temperature was not allowed to participate . 
4 .  · Electrographic plates were fastened to the skin of the s t e rnum 
and the le ft  axillary region . 
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Af t e r  the s e  s teps had been comp leted , the subj ect  en t e red the - cab . 
and assumed a comf ort ab l e  pos i t ion i.n · the operato r ' s  seat . Final 
ins t ructi ons we rt given . The ele c t ro c ardiographi c lends an� res p i r& t o ry 
mask were at tached . Final adj us tments _of the recorders were made . 
1'emperatut es wt?re record e d  whi l e  the subj ect was in the cab . The 
subj ect began pedalH.ng when told to do s o . Dur:.I.ng ea.ch pedalling bout ,  
the workload wa. reco rded . S ince the me tab o l i c  ra tes or energy expend:t ·-
ture rat e s  of the subj _ c t  we re ob ta ined by measuring the oxyge n  consump-
t ion , � t  w as cri ti cal that a s teady s tat e rat e  o f  oxygen cons ump tion 
was attained .. Webb ( 32 )  repo rted and · McNall e t  al . ( 1 9 )  agreed that ·a 
man. '  s metnb ol:J.sm and heart ra t e re ach new plateaus wi thi n  one to three 
mi.nutes af ter ht! be gins to work e Af t e r  a prel iminary t es t � the author 
dec ided th at the subj ec t should pedal two minutes be fore any readings 
were taken to �s s ure tha t · the subj ect ' s  energy expend iture h ad reached 
a s teady e t.a t e  value . Af t er two minutes ,  the sub j e c t ' s  hear t rate was 
recorded . Likewi se , thre e re adings of the vo lume of the sub j ect ' s  
pulmonary ventilati on per minut e  and the per cent age o f oxygen in his 
expi red a i r  we re taken . The subj ec t was then allowed to s top wh i le the 
cab air f l ow ra t e  was changed . Aft e r  thi s change , the subj ect s tarted 
pedal l ing E gain and data was recorded .  
The subj ect went through the same pedal-re s t cycle for the three 
di f ferent air flow ra t es of 8 . 5 , 1 2 . 5 ,  and 1 6 . 5  m3/min be fore the cab 
tempe rature was changed . When the cab temper a t ure was ch_an ged , the 
resp i ration mask was removed and the s ubj ect was al l owed to s i t  at eas e 
in the cab . Af t er the cab temperat ure had been changed ,  the respira t o ry 
mask was again att ached and the subJ ect bP gan to pedal . Three cab 
t empera tu res of 1 8  24 , an d 30° C we �e us ed . 
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Se ve r al ch an ges we re made be tween the firs t par t and th e s e cond 
part o f  the s tudy . A t t e r.  revi�wing Part I of the s t udy an d ob t aining 
ad dit ional in forwat i on from r:riks s on and Domie r  ( 1 1 ) , it was de cided 
th at the. crigj_nal wo rkload of 70 wat ts was too high . So , a new wo rk­
lo ad of 33 w a t 'Cs was ur:: ed for _Part II of the s t udy . This worklo d 
agre d with the i ork c.,f Eriksson and Dornier ( 1 1 ) . Res ults of Part I 
show ed t cl t th e wo--··�"l oad was s igni ficantly diffe ren t from s ubj e ct to 
subj e c t ,,· WorkJ <.md varied becaus e each subj e ct pedalled at a s l i gh t ly 
cli f fo r.en t spee • So for Part II , the tens ion on the bi cy cle ergometer 
wa . ., adj uz te d  to compens ate for the various pe dall ing rates . This 
resul t ed L.1 a more un i form workload for all s ub j e ct s . 
Oth r.r  minor ch anges were made between P art  I and P ar t  II o f  the 
s t  dy . Suct ion cups we re us ed as electrodes  for the ele ct rocardiograms 
ins tr:, d o f  f l a t  p lates . Also ,  an in forme d cons ent procedure was 
de "le loped and us ed . 
Part II 
For P r t  II the prel imin ary procedures were s imi l ar to Part I .  
Howeve r ,  the re was two exceptions . The sub j e c ts s igned an in forme d  
consen t proce dure and wen t  t o  the Studen t Health Se rvi ce on the after­
noon be fo re th ei r tes t ing sess ion for a complete phys i cal e xamination . 
Oth e rwi s e  all prepara t ory procedures were the s ame as in Part I .  
The s ub j e ct en t ered the cab next , as s ume d a c·omfortab le pos ition , 
and rece ived final ins t ruc tions . Recorder le ads were attached as 
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be fo re , but the res pirat ory mas k was not att ache d . The temperat re 
re c o rde r was s t ar ted an d the sub j e c t  was allowed to adj us t the thermo-· 
s t at in the cab . Adj ustmen ts were made unt i l  a comfort ab le cab 
temp e r at ure had b een s e l e c ted . 
The sub j e ct al terna t ingly ped alle d for five mi nutes and then 
res t ed for f :f.ve minutes . Each hal f hour the s ubj e ct ' s  res t in g  and 
pedal l ing h e art rates we re re co rded . I f  the s ub j e ct had b e en un der a 
s tres s ful condi t i on hi s evaluat ion of comfort would have b e e n  i n  erro r .  
He a rt rate was used a s  an i nd i cator of s t res s  since McNall � 311 . (2 0) 
es t ab l ishe d tha t the un i formi ty of pulse rate with time is an indicato r 
that th e s ubje c t  was not unde r  a s t re s s fu l  s i t uati on . 
A man ' s  i de a  of c omfo rt may change with t ime . Rohles (2 7)  did a 
study o f  comf ort over a three hour pe riod . He found that a t  the end o f  
the f i r s t  h o u r  me n  were si gn ifican tly warmer than a t  th e end o f  the 
se cond hour , but they repor ted no signifi cant ch an ge in the i r  thermal 
s ens attons be tween the se cond and third hours . So th e tes t was 
te rminate d a f t e r  two hours . No thermal sens a t ion vote s were taken 
after th is t ime s in c e  McNall ( 1 9 )  had poin te d  out that t he us e  and 
annoyan ce of t he me t ab ol i c equipment migh t  in fluen ce the s ub j e c t ' s  
comfor t  s ens a t ion . A resp iratory mas k was at tached t o  the sub j e ct and 
he was aske d to s t ar t  pedall in g again .  The sub j e ct pe dal le d  for five 
mi nu tes , as b e f ore , and two re adings o f  th e volume o f  the s ub j e c t � s  
pulmonary ven t i l a ti on pe r minute and t he perce ntage o f  oxygen i n  h is 
exp i red ai r were t aken . The s ub j e ct then res ted for f ive minutes wh ile 
two more re adings we re take n .  Orice more the sub j e ct was aske d to 
pedal an d  then res t while re adings were be ing t aken . In this manne r , 
eigh t  separa te met ab ol i c  readings --four re st ing and four pedal ling-­
we re ob t ained . 
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Chap ter 4 
PROCE SS ING THE DATA 
Subje ct Charac teris t i cs 
Sixteen. males at South Dakot a S t a te Univers ity serve d as s ubj ects 
in the firs t  part of the s t udy . S imil arly , 16  male s ub j e c t s  par tici-
pated in the second part of the s t udy . Four subj e ct s  we re involved in 
both s.ect ion.., . The s ub j e ct s  ranged in age from 2 1  t o 25  ye ars with a 
few excep t ions . They ranged in heigh t  from 1 2 6  cm to 1 9 3  cm and in 
wei ght from 6 2 . 5  Kg to ! 0 1 . 2  Kg . All o f  the s ubj e c t s  serving in the 
s tudy were cauc as ian . Tabulations o f  the phys i cal charact e r i s t i cs o f  
the subj ects wh i.ch are most pertinent to the st udy are provided in 
Tab le 5 .. 
TABLE 5 
Phys ical Charac te ris t ics o f  the Sub j e ct s  
Surf ace 
Age He ight Weigh t  Area 
Subj ect  yrs . cm kg M2 
Part I 
1 2 4  1 7 7 . 8 7 8 . 9  1 . 9 7 
2 2 2  1 84 . 8 76 . 7  2 . 00 
3 2 3  1 80 . 0  75 . 9 1 . 95 
4 2 3  1 82 . 9  76 . 0  1 . 98 
5 25 1 8 1 . 6 7 7 . 1 1 . 9 8 
6 2 3  1 8 3 . 8 74 . 2  1 . 96 
7 2 3  1 88 . 9 75 . 5  2 . 0 2 
8 25 1 92 . 7  85 . 5  2 . 1 6 
9 2 2  19 1 .  l 7 7 . 6  2 . 06 
10 23 1 8 1 . 0 85 . 0  2 . 06 
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Table 5 Con t inued 
Surf ace 
Age Hei gh t We i gh t  Are a  
Subject yrs . cm kg M2 
1 1  2 3  179  . 1  7 3 . 9 1 .  92  
1 2  24  1 76 . 2 7 3 . 9 1 . 90 
1 3  36 1 72 . 7  7 9 . 2  1 .  9 3 
1 4  2 4  16 1 . 9  62 . 5  1 ., 66  
15  22  1 88 . 3 84 . 6  2 . 1 1  
16 33 1 79 . 7  9 3 .  6 2 . 1 3 
Part I I  
1 2 1  1 85 . 4  7 7 . 6  2 . 0 1  
2 24  1 88 . 0  7 6 . 1  2 . 02 
3 2 3  1 82 . 6  9 2 . 8  2 . 1 5 
4 34 1 80 . 3  1 0 1 . 2  2 . 2 1 
5 2 2  1 85 . 4  80 . 7  2 . 0 5 
6 2 4  1 8 1 . 0  7 4 . 6  1 .  94 
7 2 4  1 75 . 9  70 . 3  1 . 86 
8 2 3  1 7 9 . l  6 3 . 0  1 .  80 
9 24 1 7 8 . 4  7 3 . 8 1 .  9 2  
10 2 4  1 82 . 2  82 . l  2 . 04 
1 1  2 8  1 82 . 2  7 4 . 6  l .  9 6  
1 2  2 5  16 8 . 3 7 8 . 2 l .  88  
13  24  185 . 4  72 . 6  1 .  96 
14  2 3  1 75 . 3 65 . 2  1 . 80 
1 5  1 9  1 7 5 � 6  6 8 . 0  1 . 83 
16  2 7  1 7 9 . 7  90 . 0  2 . 10 
Phys io logi c al Data 
Pulmonary Ven t i l a t ion 
The me as urement s  o f  the volumes o f  air insp ired by each s ubj e ct 
were ob t ained f rom the Oh io Vortex Res p i rat ion Monit or . Thes e volumes 
were th.en corre c ted to the
. standard conditions (STPD) o f  temp e rat ure , 
o0 c ,  and press ure , 760 m  d ry . The corre ct ion fa ct or was calculated 
from the fol l owing gene ral e quat ion ( 7 ) : 
wh e re 
CF = 
CF = cor re c t i on fac t o r  
T nb i o� . = ru · ent temp erature s ' �
PB = amb ien t  p res s ure , mm H g  
PH 0 = wat e r  vap o r  t ens ion a t  the amb ien t temp e ra ture , mm Hg 2 
Me.an cab temperature was us ed for the amb ien t temperature . 
Amb ie.n t  p re s s ure was ob t ained f rom the Un i t e d S t ates Weath e r  Bure au 
St a t ion loca t ed on top of the Agr i c ult ural Engineering buildin g . 
Co rre c t ions for d i ff e renc es in e levat i on were considered tmne ce s s ary . 
Wat e r  vap o r  t ens i on was ca l cula ted us ing Carrier ' s  Equation . 
The following cal culat ion for pulmonary minute volume was t.hen 
pe r f o rmed : 
V
STPD = 
V
ob se rve d X CF 
whe re 
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= Pulmonary Minute Volume corre c ted t o  STPD con d i t lous , 
l/min 
V = Pulmon acy Minute Volume obs e rve d , l /min 
obs e rve d 
CF = Corre c t ion Fac tor 
Oxygen_Co��umpt ion 
whe re 
The sub j ect ' s oxy gen con s ump t ion was det e nnined as fol lows :  · 
V = ( 0 . 209 - POz ) X VSTPD 02 
V = Oxygen Cons ump t ion ,  l/mi.n 
Oz 
P02 
S'I Pe rcen t age of oxygen in expire d a i r , decimal 
VSTPD a P ulmon ary Minute Vol ume co rre c t e d  to STP D cond i t ions , 
l/min 
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The pe rcen t age of oxj gen in the s ub j e ct ' s exp i ·red a:t r was re ad 011 
the Te ledyne Oxy gen Analyze r .  This pe rcent age was then s ub t racted from 
0 . 209 , wh i ch is the percen t age of oxygen in atmos pheric air . The 
remain d e r  rep res en ted th e pe rcen tage of oxygen in the ins p i re d  air wh:f. ch 
h ad b een cons umed by the s ub j ec t . 
Met ab ol is m  
'Ihe cal culat ion ne ce s s ary t o  det ermine th e s ub j ect ' s met ab o l i c  rate 
was as fol lows : 
where 
x 4 . 82 5  
�u 
MR . 2 = Met ab ol i c  Rate , Kcal /m /h r 
v02 c Oh'Y gen Con s ump t ion , 1/mi n 
2 
A_ = DuBo is Body Sur face Are a ,  m 
-1Ju 
x 6 0  
Met ab ol i c  r a t es we re cal cu lat e d  as sumin g that t h e  caloric value of 
oxy gen was 4. 82 5 kilo calo rie s  pe r lite r .  Adj us t men t was made for the 
bo dy s urface law by d ividin g by the DuBois body surf ace are a �  This law 
s t a tes tha t  p ·eop l e  un d e r  s imil ar con d i t i. on s  give o f f  th e s ame quan t:lty 
f f f. ( 6 )  'Th ·us .. subjects o f  o he a t pe r sq uare met e r  o s ur a c e  area • , 
various .s i zes we re equated to e ach o t h e r · 
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Heart Ra te 
Each electrocardiogram was labeled with the date of  the test . The 
number of heart beats was determined by counting the number of tick 
marks on the electrocardiogram .  
Envi ronmen t a l  Data 
Mean Radi an t  Tempe rat ur� 
A black-globe the rmome t er made of a ping-pong ball was us ed � o  
det ermine the mean radiant temperature (MRT ) . The radiant exchange o f  
the globe and its surroundings may be expressed by the fol lowing 
equation : 
4 . 4 
Hr = e cr (TMRT - Tg ) 
and the convection exchange by the following equation : 
where 
H = r 
H = 
c 
t = g 
t = a 
Tg = 
H - h IV ( t  - t ) 
c g a 
2 heat gain (or los s ) by radiation , BTU / ft /hr 
heat  gain (or los s ) by convection , BTU / ft 2 /h r  
0 temperature of globe , F 
of 0 temperature air , F 
0 temperature of  globe , R 
TMRT = mean radiant  temperature , 
0R 
e 
0 
h 
v 
= emissivity of  globe surface , 0 . 95 
10-B BTU/hr-ft2-0R4 
= Stefan-Boltsman cons tant ,  0 . 1 7 3 x 
BTU-nu·n 1 1 2 /h r- ft 5 1 2-°F 
= c onve c ti on coe fficient , 
= air vel o c it y , fpm 
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Perei ra et  al . (25)  de termined a value re pres en t ing a conve ctive 
coe f ficien t  for a pin g -p ong b all b l ack-glob e thermomet er wi th an 
emi s s ivi ty o f  the gl ob e ·s urface of 0 . 9 8 by comp aring the b a ll and a 
6 in ch coppe r b l ack -glob e the rmome t e r  expos ed together in the s un . 
From a s e r ie s  o f  9 1  observations the following radian t  heat lo ad (RHL) 
equat ion was deve l op e d : 
RHL = 0 . 2 32 IV ( t  -t ) + cr Tg4 .. g a 
Bon d  and Ke l ley (4)  obs erve d that the rad i an t  hea t  load is the 
t ot a l  r adi a t i on received by an ob j e ct from all of the surrounding 
sp ace . The de f init ion s ays no thing about the n e t  exchange o f  radi at ion 
between the ob j ec t  and its s urrounding enve lop e .  Exp re s s e d mathe-
mati cally : 
4 
RHL = cr TMRT 
S olving the ab ove equations , the conve c tive coe f f i cent for a p ing-
pong b all is 0 . 2 2 7 36 . 
Un de r  s te ady s t ate conditions , the ef fec ts o f  radiati on and 
conve c tion bal an ce each o the r . Hen ce , the rad i at ion an d  conve ct ion 
equations c an be e q uated and s olve d to give the MRT : 
T4 = Tg4 + ( 1 . 383 x 1 0
8
) IV ( t - t ) 
MRT g a 
So by me asurin g the air ve locity with a h o t  wire anemomet er , and 
re cording the b l a ck-globe tempe ratures and air temp eratures wi th the 
tempe rature re corde r , i t  was pos s ib le to de termine the me an radi ant 
tempe rature . 
Press re o f  Wat e r  Vap_or in Amb ien t Air 
The Carrie r Equation presen te d by Fai res ( 12 )  was us ed to deter­
mine the par t i al pre s s ure of  the vapor for o rdinary a tmospheric air . 
l"he eq uati on is as follows : 
where 
P
v 
= vapo r pres s ure of the s uperheated vapor , ps ia 
PVtvB � vapo r press ure at the wet bulb temp e rature , ps ia 
p = b arome t ri c  press ure , psi a 
tdb 
= d ry -bulb temperature , OF 
twb 
= wet-bulb tempe rature , OF 
This equat ion was solved using the IBM 3 6 0  comp ute r . Valu2 s for 
PVlVB 
were t aken �rom Tab le 7- 2 of Olivieri ( 2 4 ) . 
Predicted Mean Vote 
Wi th the comfort equation as a s t arting point , Fan ge r  ( 1 3) derived 
an index whi ch makes pos s ible a predicti on of th e the rmal sens ation for 
any given c omb inat ion o f  ac t ivity level , clo-value , and four thermal 
envi ronmen tal p arame t e rs . The index was bas ed on a s cale from -3 to +3 
with 0 being the comfo rtab le condition . A pos it ive value corresponded 
to the warm s i de o f  neut ral and a negative vot e to the cold side o f  
ne ut ral � The the rmal sens at ion index i s  re fe rred t o  as the Predi cted 
Mean Vote . (PMV) and is as follows : 
PMV - (O 35 2 -o . o 4 z (M/A ) • e l)u + 0 . 0 32 )  [�u 0-n ) -
o .  35 
0 . 42 
M [ 4 3-0 . 0 6 1  
Auu 
( 1 -n )  
M 
[ �u 
( 1-n ) - 5 0 ] -
- Pa ) -
0 . 00 2 3  AM (44-Pa) - 0 . 00 1 4 _!!_ ( 3 4-ta) -l) u �u 
-8 3 .  4 x 1 0  f -c l 
- fclhc ( t el -t a� 
whe re t
e l  
is de t e nnine d  by the equa t i on 
and h b y  
c 
h = 
c 
- M t
e l 
-· 35 .  7 - 0 . 0 32 �u 
( 1 -n ) -
r:; -8 0 . 1 8  rel t.: · 4  x 10 fcl 
(1= t+
2 7 3 )
4
J + f h ( t  a - 1 1-t mr c c c a 
( t  - t  ) 0 · 2 5  for 2 . 05 ( t  -t ) 0 · 25 > 1 0 . 4  IV c l  a c l a 
1 0 . 4  rv f o r  2 . 05 (t 1 -t ) 0 •
2 5 
< 1.0. 4  rv c a 
Solution of the PMV was p rogramme d on the IBM 360 comp ute r .  Al l  
of . the inpu t s in t o  the P MV  eq ua tion we re me as ure d during the tes t ing 
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session except fo r the thermal res is t an ce of the cloth ing ( Icl) and the 
ratio o f the s ur fa ce are a of the clothed b o dy to the nude b o dy ( fcl) e  
These values we re t aken from Tab le 2 ,  Dat a for Di ffe re n t  C l o th in g  
Ens enili les , o f  Fange r ( 1 3 ) , as s uming the s ub j e c t s  we re wearing a li ght 
s umme r c loth ing ensemb le . It was als o as s ume d  th at the me chan i cal 
4 8  
e f fi cien cy (n ) o f  pedallin g  the b i cy cle e rgometer was ze ro . The 
equation was s olved for the PMV of each s ubj ect at one -h al f  hour 
intervals . Th is data was then analyzed to determine i f  Fanger ' s thennal 
sensa t ion index was val id for a tractor cab environmen t .  
Ch "' p t: e r  5 
RESULTS AND CONCLUS IONS 
Part I 
·---
Workl oad 
Analys is of variance on th workloa d  reve aled that it was not 
cons t an t  f rom individual t o  individual a s  shown in Tab le 6 .  
Source 
Tot al 
TABLE 6 
Analysi s o f  Variance , Leve ls o f  Work Pe rformed-
df 
1 4 4  
Sum of 
Squares 
299 4 89 2 2 . 00 
Me an 
Squares F 
Individual s 1 5  19 4 1 2 8  .. 6 7  12 9 4 1  ; 9 1 
1 4 85 . 9 3 
8 .  7 1 0 ** 
Remaind er 1 2 8  190 1 99 . 5 6  
**S ign i f i cant a t  1 %  level . 
Howeve r ,  the li. t erature reve als that " oxygen up take increas es 
rough ly ll.nearly wi th an in creas e  in work load " ( 3 ) . Furthermo re , 
" h b k t e re is genera lly a linear relat ionship e tween o2 up ta e and heart 
rate " ( 3) . Similarly , p ulmonary ventilat ion ris e s  in a l inear 
relationship t o  oxygen up t ake for the range o f  workloads use d  ( 3 ) · . 
There fore , i t was decided in analyz ing fut ure v�r :f�ab l e s , work wot1ld be 
fit as a con t inuous variab l e  s imult aneous ly wi th the o ther f ac tors . 
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Hea r t  Ratt·. 
Analysis of  var i an ce for the heart ra te of the c ab occupants ie 
shown in Tab le 7 .  TI:le lineat· e ffect o f  work explained a s igni ficant 
amount ( l'; level } o f  t e variab ility in heart rate . Temperature had . 
a sign i f ica 1t  e f fect a t  t h e  5% l eve l on heart rate . Air eloci ty 
didn ' t influen ce heart rat e  and the re we re no interact ion e ffects . 
!ABLE 7 
Analys i s  of Variance , Hear t Rate of the Occupants 
Sum of Mea 
Source df Squares Sq ares 
Individuals 1 5  3324 3 . 0 5 2 2 1 6 . 20 
Temp erat ur e  2 8 9 1 . 5 4 44 5 . 7 7  
Individual s  x t emperature 29 34 88 . 24 1 20 . 2 8 
Velo city 2 1 L 46 5 . 7 3 
Ind ivi duals x veloci ty 30 98 7 . 9 5 32 . 9 3 
Temperature x ve loc i ty 4 2 5 . 1 6 6 . 2 9 
Ind ividuals x temp erature x veloc ity 5 7  1 7 9 9 . 7 3 3 1 . 5 7 
Work 1 36 8 . 9 6 368 . 9 6 
Remainder 2 7 1  26 7 8 . 39 9 . 88 
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Mean val ues o f  the heart rat e s  a re presented i n  Tab le 8 , ,  
Inc reasing temperat ure had a s i gn i f i cant c f  feet a t  the 5 %  level of 
raising the heart rates . As the cab temperature wa s rai s e d  f rom 
19 . 2
° C to 2 9 . 9° C the heart rates were inc re a s e d  3% . Air vel o c i ty 
bad no s i gni ficant e f fe c t  on heart rates . 
TABLE 8 
Mean Val ues , Heart Rate' (Beats /mln) 
Cab Cab Ai r  Velocity , m /min Temperature 
Tem2erat re 10 . 39 1 7 . 2 2 2 8 . 0 3  Leve l Means 
1 9 . 2
° c 1 09 . 7  1 0 8  .. 5 109 . 4  109 . 2 
2 3 . 9
° c 109 . 5 1 0 9 . 4  1 09 . 2  1 09 - '• 
29 . 9
° c 1 1 2 . 6  1 1 2 . 6  1 1 2 . 6  1 1 2 . 6 
Velod.. ty level 
me ans 1 1 0 . 6  1 1 0 . 2 1 1 0 . 4  
Overall mean = 1 1 0 . 4 
Pulmonary Vent i l at ion 
Analys i s  of variance for the pulmonary vent ilat ion of the cab 
occupan ts is shown in Tab le 9 .  Aga in the linear e ffect of work 
exp la ined a s igni f i cant amount ( 1% leve l ) o f  the var iab i lity in 
pulmonary ven t i lat ion , but ther e were no sign i f i can t  di fferenc es in 
ventil a t ion due to temperature or velo city ch ange s . Also ,  no in ter-
ac tions were p re s ent . 
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TABLE 9 
Analys is o f  Variance , Pulmonary Ventilat:l.on_ o f  the Occupants 
Swn of Mean 
Sour ce df Soua_ e s  ��s--· ----
Ind ividuals 15 1 5 1 7 6 . 34 10 1 1 .  7 6  
Temperature 2 2 1 . 4 6 10 . 73 
Individuals x temper atur e  30 1 39 6 . 6 5 4 6 . 5 6 
Ve lo c i ty 2 2 .  7 1  1 . 36 
Ind ivid uals x velocity 30 2 05 . 84 6 . 86 
Temperature x velo c ity 4 1 1 . 6 6 2 . 9 2 
Indivi duals x t emperatur e x velo city 60 64l� . 2 3  10 . 74 
Wor.k 1 32 . 5 3 32 . 5 3 
Rema inde r 2 8 7  4 4 0 . 34 1 . 5 3  
Mean values for p ulmonary vent i lat ion are feature d in Table 10 . 
No fac,tors o f  interes t were s igni f icant ly d if ferent . 
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TABLE 1 0  
· Mean Values , Pulmona ry Vent :i.lat-ion (l/min) 
Cab Cab Ai r Velocity� m/mi.n 
Temperature 10 . 39 - 1 7 . 22 2 8 . 03 
Temperature 
�--�·�����--�....-�:...:.-��--�..:;..:....:..::.=-�����::.!..:���--1:.�vel..J'�ans 
19 . 2
° c 2 1 . 2  20 . 7  2 1 . 4  2 1 . 1  
2 3 . 9
° c 2 1 . 6  2 1 . 5  2 1 . 4  2 L . 5  
29 . 9
° 
c 20 . 9  2 1 . 0  20 . 9  20 . 9 . 
Veloc i ty leve l  
means 2 1 . 2  2 1 . l 2 1 . 2  
Overall mean = 2 1 . 1 9  
-Oxygen Cons umpt ion 
Analysi s  of variance for the oxygen consumption of the cab 
occupants i s  shown in Tab le 1 1 .  Once more , the l inear effect o f  work 
explained a s i gnificant amount ( 1% level ) of the variab iH.ty it1 oxygen 
consumption . The re was a signi ficant· di f ference o f  oxygen cons ump tion 
at the 1 %  level between temperatures , but velocity e f f e c t s . and inter-
actions were nonsi gnificant . 
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TABLE 1 1  
Ans ly s i s  of Va riance , Oxygen · Cons ump t ion o f  the · Occupan ts 
-----
Sum o f  Mean 
Source d f  Sguares Squares· 
Indivi duals 15 7 2 . 1 1 4 . 8 1 
Tempe ratur e  2 5 . 35 2 . 6 7 
Indiv iduals x temp erature 30 6 ., 80 O o 2 3 
Velo c i ty 2 0 . 0 1  0 . 005 
Indiv idua ls x velocity 30 0 . 80 0 . 03 
Teruper"' ture x veloci ty 4 0 . 10 0 . 02 
Ind ividuals x t emperature x velo ci ty 60 2 . 20 0 . 04 
Work 1 0 . 2 1 0 . 2 1 
Remainder 287 2 .. 18 0 . 008 
Menn ,,alues o f  oxygen cons ump tion are exhibi t ed in Tab le 1 2 . 
In cre as in g air t emperature enhan ced the oxygen consump t ion signi ficantly 
( 1% l evel ) .  
0 0 
As ai r t emperature ros e from 19 . 2  C to 29 . 9  C the 
oxygen consump t ion increased 2 3% . 
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TABLE 1 2  
· Mean Values . Oxygen Consumpt ion ( l/min ) 
Cab Cab Air Veloci ty! m/rnin Tempe rat ure 
Tempe rature 1 0 . 39 1 7 . 22  2 8 . 03 Level Means 
1 9 . 2° c 1 . 1 2 1 . 1 6 1 . 1 5 1 . 1 4 
2 3 . 9
° 
c 1 . 3 1  1 . 2 8 1 . 2 5  l . 2 8 
29 . 9
°
, c L 4 2 1 . 4 2 1. 4 2  1 . 42 
Ve loc:f.ty l evel 
means 1 . 2 8  1 . 29 1 . 2 7  
Overall mesn m 1 . 2 8 
Metab oU. c  Rate 
Analy s i s  of variance of the metab olic rate of the cab occupant s 
is shown in Tab le 1 3 .  As before , the linear effect of work explained 
a s ignifi cant amount ( 1% level) of the variab i l ity in meta b olic rate . 
Temperature had a s i gnificant effect at the 1% leve l on metaboli sm 
but air ve loc ity d i dn ' t  effect it . Also , there were no interacti ons 
present . 
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TABLE 1 3  
Ana lys is o f  Variance , Metabol i c  Ra t e  o f  the Oc cupant s 
Sum o f  Mean 
S ource d f  Squares Squares --�-
Indiviaua l s  1 5  1 4 5 5 9 30 . 06 97062 . 00 
Temperatur e 2 1 1 2 2 3lt . 95 56 1 1 7  . 4 7  
Individuals x t emp e r a t ure 30 1 4 7 389 .. 77  4 9 1 2 . 99 
Vel o c i ty 2 505 . 6 7 252 . 83 
Ind ividuals x ve lo c i ty 30 1 75 37 . 39 584 . 58 
Tempe ra t e x v l o c i ty 4 1 989 . 9 9 49 7 . 50 
!ndividt.: als x tempe.r ature x velo city 60 4 3 7 2 4 . 2 1 72 8 .  74  
Work 1 5268 . 69 5268. 69 
Remaind e r 2 8 7  3 7 6 7 3 . 34 1 3 1 . 2 7  
Mean values o f  the metabolic rates are d isp layed in Tab l e  1 4 . 
Increasing air temperature s i gni f i cant ly elevated the me taboli c  rat e 
0 0 
at the 1%  leve l . As the �emperature rose from 19 . 2  to 2 9 . 9  C ,  the 
metab ol i c  r at e  wa s enh an ced 23% , p aral lel to the enhanced oxygen 
cons ump t ion . 
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TABLE 1 4  
Mean Values , Met aboHc Rat e  (Kcal /m2 /hr) . 
Cab Cab 
T�ra t ure 10 . 3 9  
19 . 2
° c 162 . 5  
23 . 9
° c 1 89 . 9  
2 9 . 9
° c 20 5 . 8  
Velocity level 
means 186 . 1  
Overall mean • 1 86 . 1 4 
Conclusions 
Air Veloc_��y t 
. 1 7 . 2 2  
1 6 8 . 4  
1 87 . 8  
2 06 . 3 
1 8 7 . 5  
m/min 
A s tatistical summary i s  given in Tab le 15 . 
TABLE 1 5  
Statis t i c al Summary 
Heart 
Parame ter · Ra te 
Temperature * 
Velocity ns 
Temperature x velo c i ty ns 
Work linear * *  
ns · Non-s ignificant . 
* Significant at 5% level . 
* * Signi ficant  a t  1%  level . 
Pulmonary 
Vent ilation 
ns 
ns 
ns 
** 
Temperature 
�---�-���Leve l Means ?-8 • . o 3 
1 6 6 . 2  
1 8 1 . 8  
206 . 4  
1 84 . 8 
Oxygen 
Consumpt ion 
** 
ns 
ns 
* *  
1 65 . 7 
1 86 . 5 
2 0 6 . 2  
Me tabo l i c  
Rate 
* *  
ns 
ns 
** 
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Conc lus i ons f rom P a r t  I of t h e  s tudy are a� f ol lows : 
1 .  Increas ing c �b air te.np .rature ·' r nd  an e f f  ct of s i gni f i c an t ly _ 
elevat ing heart rate a t the 5% l�vel and signi ficantly rais ing oxygen 
cons ump t i on an d me t ab o l i c  rate at the 1% level , but di d no .t have any 
s igni ficant e f fec t s  on p u lmo ary ventil� ion . 
A phy� iol ogi. c al explanat ion for thes e  results may b e  hypo thes i ze d .  
0 
A cab t emperature o f  2 3 . 9  C .is ass ume d as - a normal o perat ing t emp era-
ture • Then , e leva t :i.ng or lot..rering the cab t empe rature may influence 
the subj ec ' s  autonomi c nervous sys tem .  S in ce the sub j e c t  was a t  a 
part i cular c ab a i r  t emperat ure-veloci ty combinat ion for only ab ou t s"ix 
minu t es , it was as s umed for mos t  of the subj ects s tud ied that thi s  time 
p eriod d i d  not allow for notab le physi olog i cal change s  by the s ubj ect ' s  
endo c rine sys t em component s . 
The symp a the t ic p art of the aut onomi c ne rvous sys tem be comes 
domin an t  in resp onse to elevate d  cab t emperature . I t  promo t e s increas ed 
venous return to the heart wh ich enhances b lo od p re s s ure , heart rat e 
and p eriph e ral vasodiala� ion to di s s ipate body heat , mainly by 
radiat ion . S ome heat los s is also accompl ished by evapo rat ion . S tres s 
on the s ub j e c t  caused by di f f iculty to adequate ly d i s s i pa t e b ody heat 
increases oxygen consump t ion and me t abolic rat e  wi th res u l t ln g 
e levat ion o f  carb on dioxide pressure and hydrogen i on con c ent ration 
in the card i ovas cu lar sys t em .  Thes e  re sponses s t imul a t e  chernorecep tors 
in the caro t i d  s inus and aort i c  bodies whi ch enhance pulmona ry ventila-
t ion and heart ra te to compensate primari ly for hyperc apn i
a , relat ive 
hypoxia and me tab o l i c  acidos is . 
5 9  
Lowe r :t ng the cab tempe rature caus e s a s ubj ec t·ive "Cespons e o f  
increasing comfort . The s ub j ect is in a p leasant environment rel a t ive . 
to the out s i d e  summe r  condi t ions . The s ubj e c t s  f e e l  comfortab le 
because o f  the enhanced heat di s dpat ion , mainly by r ad i a t ion . Th e  
parasympathe t ic sys tem o f  the aut onomic nervous sys tem becomes 
funct ional . Calmnes s , . reduced oxygen cons umpt ion and dimin i shed 
met ab o l i c  rate ens ue in the subj ect . The se respon s e s  do not s timulate 
chemo re cep t o rs thereby allowing reduced pulmonary vent ilation and . 
heart r a t e . 
2 .  Cab a i r  vel oc i t ies did not have any s igni f i cant s t a t is t i cal · 
e f fe ct s . 
The ef fe c t  o f  cab air veloc ity on phys iolog ical paramet ers may 
be hyp �the s iz ed . 
0 
Incre asing c ab air vel o c i t i e s  at 1 9 . 2  C resulted in 
some b o dy heat l o s s  by conduct ion and convect ion . At t empting t o  
cons e rve b ody heat , t h e  peripheral b lood ve sse l s  were cons t ri c t ed 
through the symp athe t i c  vas cons trictor nerves innervat ing the 
subcutaneous s kin ve s sels . Heart rate , pulmonary vent ilat ion , oxygen 
cons ump t i on and met ab o l i c  heat produc t ion would then be e levated t o  
coun t eract b o dy h e a t  loss . 
0 0 
Incre as ing c ab air velocit ies at 2 3 . 9  and 29 . 9  C promo t ed b ody 
hea t d i s sipat ion in the s ub j ect . The periphera l  b lood ves se ls dia lated 
thereby inc re as in g  heat tran s fe r  from the b ody c ore a reas t o  the 
peripher·al shel l o f  the body for heat dis s ip at ion ut i l i z ing condu ct i on 
and c onve c t i on wi th hi gh er c ab air veloci t ies . The e l evat ed body h ea t  
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loss ould result in lowered pulmonary ventilat io� > oxygen consump tion i 
me tabol i c  t a t e  and heart rat e . · 
Part I I  
Predicted Mean Vot� 
Pred i c t e d  mean vo tes for each subj e ct are del ineated in Tab le 1 6 . 
TABLE 16  
P redicted Mean Votes o f  Tractor Cab Occupan t s  
Time , Hours 
�ub.1ect 0 . 5  1 . 0  1 . 5  2 . 0  
1 -0 . 35 -0 . '39 -0 . 2 2 -0 . 49 
2 -0 . 4 4 -0 . 4 8 -0 . 3 3 -0 . 45 
3 0 . 42 0 . 1 8 0 . 1 9  0 . 2 8 
4 -0 . 59 -0 . 4 3  -0 . 34 -0 . 34 
5 0 . 2 7 0 . 35 0 . 32 0 . 32 
6 0 . 96 1 . 0 7  0 . 70 0 . 7 6 
7 o .  78 I 0 . 7 4 0 . 7 8 0 . 72 
8 - 1 . 00 - 1 . 2 4 - 1 . 1 6 - 1 . 2 5 
9 0 . 04 0 . 1 2 0 . 1 9 0 . 35 
1 0  0 . 0 3  0 . 04 -0 . 06 -0 . 04 
1 1  0 . 5 1  0 . 5 3 0 . 4 5  0 . 42 
1 2  0 0 66 O e 46 0 . 3 1 0 . 1 2 
1 3 1 . 1 5 0 . 42 
0 . 2 2 0 . 59 
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Tab l e  1 6  Cont inue d 
Time , Hours 
Subject 0 . 5  1 . 0 1 . 5  2 . 0  
1 4  0 . 2 6 .0 . 4 3  0 . 04 0 . 24 . . 
15  - 0  .. 2 7  -0 . 2 4 -0 . 4 7  -0 . 7 1  
1 6  0 . 56 -0 . 1 3 -0 .. 2 1  -0 . 30 
Me an 0 . 1 9 0 . 1 0 0 . 0 3  0 . 0 2  
Analys i s  o f  vari an ce o f  the predicted me
_
an vot e  (PMV) is s h own  in 
Tab le 1 7 .  A highly s i gni fican t  d i f fe rence of the PMV among individuals 
is noted , whi ch emphas i zes the fact that peop le differ in the i r  
percep tion of comf ort . However , the PMV was not mean t to be us ed 
ind ividually but rathe r as "an expression for the gene ral degree o f  
dis comfo r t  for the group a s  a whole" ( 1 3 ) . Ef fe c ts o f  t ime will b e  
discussed later i n  the text . 
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TABLE 1 7  
Analysis of Variance , Predict e d  Me an Vote 
Swn of Mean 
Source df S.9,Eares Soua.res 
, ____ __ _ 
F 
To t al 64 19 . 80 
Time 3 0 . 30 0 . 1 0 3 . 3 1 8  * 
Individuals 15 1 7 . 69 1 . 1 8 39 . 358 * * 
Remainder 45 1 . 38 0 . 0 )  
* Signi f icant at 5 %  level. 
** Significant at 1% level . 
Analysis of variance of the cab t empe rature se lect ed by the 
occupants is shown in Table 1 8 . Highly significant ly d i f f erent cab 
t emperatures were selected by the sub j ects in o rde r t o  b e  comf o r t ab l e . 
This sugge sts that people have differing sensat i ons o f  comfort . It 
also impli es that the op e rat or sh ould be able t o  va·ry the cab t enpera-
ture . 
Source 
To tal 
TABLE 1 8  
Analys i s  of - Variance , Cab Temp erat ure S el e c t e d  
df 
64 
Sum of 
Squares 
2Bli 2 3 . 3 7  
Mean 
Squares 
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- F .  
T:f.trie 3 4 . 1 3  1 . 3 8 2 . 2 10 ns 
Individuals 15 ·- 104 . 20 6 . 95 1 1 . 160 ** 
Remainder 45 2 8 . 0 1  0 . 6 2 
ns Non-s i gni ficant . 
** S igni f icant at 1 %  leve l .  
Referring to Tab le 1 8 , the cab temperature se le c ted b y  an 
ind ividual did not change signi ficantly wi th t ime . In cont ras t ,  the 
PMV was ind icated in Tab le 1 7  to change s i gnificantly wi th time . This 
would sugges t that cab temperat ure alone is not suf f icient for 
predicting comfort i f  Fanger ' s  equat ion for PMV app l ies to tractor 
cabs . O ther condit ions such as mean radi ant temperature , air 
ve lo city , air humidi ty , c lothing and activity level mus t  also be 
consi dered . 
Time E f fe c t  
The theory that the concep t o f  c omfort may chang
e wi th time was 
proposed by Robles ( 2 7 )  and was the basis for conduc t ing the tes t
s  
for two hours . The means o f  the PMV ' s  of  all subj ect
s  are shown in 
·Tab le 1 6 . The PMV decreases wi th t ime and then s tabi l i zes .. Thre
e 
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orthogonal comparis ons are p resented in Table 1 9 . Comparis ons were 
made to detennine if and when th e PMV s t ab i l i ze d  with respect to time . 
The res ults showed that the read ing at the f i rs t  h al f hour d i f f e red 
significant ly from the other comfort readings . 
TABLE 19  
Orthogonal Comp arisons of P redicted Mean Vote s 
wi th _ Respect t o  Time 
Time 
1 vs .. 2 + 3 + 4 
2 vs . 3 + 4 
3 vs . 4 
Sum o f  
Squares 
0 . 2465 
0 . 0 50 4  
0 . 00 1 3  
ns N on-s i gn i f i c ant . 
** Significant at l "' lo level � 
1 PMV at end o f  0 . 5 hour . 
2 PMV at end o f  1 hour . 
3 PMV at end o f  1 .  5 hours . 
4 PMV at en d  o f 2 hours . 
Tes t Hypo thes i s 
Mean 
Squares 
.0 . 24 65 
0 . 0504 
0 . 00 1 3  
F 
8 . 228 ** 
1 . 6 82 ns 
0 . 0 4 3  ns 
The primary obj ective of Part II of the s tudy was t o  
dete rmine the 
app licability of Fange r '  5 concep ts . The sub j ec t s were allowed to 
adj us t the cab temperature un t i i  th ey were comfo r
tab le. Hence , the mean 
of the PMV ' s from the individual s  should equal z e ro if Fanger ' s  theory
 
appl ied . Thi s  hypo th esis was t es ted using a t - tes t .  See, T ab le 20 . 
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The final thre e readings of the P}fV from e a c  sul::j e c t  �e re us e d  in the 
t e s t  · s i nc e  th ey d i d  not d i ffer si gni -i can t ly . e su l t s  showed that the 
mean of the PMV ' s  did equal z ero . The re fo re , Fange r ' s  equat i on for 
PMV can be used t o  p redict comfo rt in a tra c t o r  cab for s umme r 
cond i t ions in South Dako t a .  
TADLE 20 
Hypothe s is Tes t  
Compar ison Tes t  S t at ist i c  Tes t  S tati s t i c  Val�e 
lJ - µ 0 
x - ll t - 0 
s /t1n- l  
ns Non-s i gn i f i cant . 
µ Mean o f  Tes t  P opulat ion . 
µ The o re t i ca l  Mean o f  PMV ' s  ( equal to z er o ) . 0 
Concl us ions 
0 . 5 5 9  ns 
Conclus i ons f rom Part II of the s tudy are as f o l l ows : 
1 .  Fan ge r ' s  equa t ion for Predicted Mean Vote d i d  adeq uat e ly 
pre d i ct c omf ort in a t ract or cab for summer cond i t i on s  in South Dakot a . 
2 . A person ' s  idea of comfo
rt changed dur ing the f i rs t  half-h our 
af t e r ent e r ing the t ractor cab and then remained s te ady for the res t 
of the t ime spent in the t ractor cab . 
3 .  Cab air t empe rat ure alone is not a suf f i cient indica tor o f  
comfo r t  in a t · a c t o r  cab . S ince Fanger ' s  equa t i on f o r  P re d icted Mean 
Vot e  a pp l ies , other f a c t o rs s uch as mean rad ian t  t emp e r a t ure , a i r  
veloc i ty , a i r  htm1i d i ty , clot hing and act ivi ty l evel need t o  be 
cons i dered for p re d i c t ing comfort . 
4 .  Cab air tempe rature , cab air ve lo c i ty , an d c l o th i n g  worn 
are parame t ers whi ch may be mos t  eas i ly varied t o  adj us t for ch anging 
sens at i ons of comfort . 
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Chaptet' 6 
SUMMARY 
Part I 
Thi s  was a s tudy of the influence o f  amb ien t tempera ture and ai r 
ve loc ity on human bein gs whi le performing a 70 watt lforkload :ln a 
� 
tracto r  cab . S ixte en male universi ty s tudent subj ects were exposed to 
ambient t emp eratures of 1 9 . 2° , 23 . 9° and 29 . 9 ° C and to air flow rat es 
of 1 0 . 39 ,  1 7 . 22 and 2 8 . 0 3 m/min . The workload generated by pedallin� 
a bi cy cle ergome te r was similar to that neces s ary t o  ope.rate a trac t o r-
mo un t ed front-end loader.  Dat a  was c.ollected and analyzed to determine 
if air tempe rature and velocity effected phys iological resp ons es . 
Increasing cab air temp erature had a si gni fi cant effect o f  
elevat ing heart rate , oxygen consumption an d  me tab oli c  rate . Pulmonary 
vent ilat ion was non-signi f icant under these expe riment al condit ions . 
Air ve locity showed no signi ficant e ffec t s . 
Part II 
This s tudy was done to de termine the app li cabi lity of Fanger ' s  
concep ts of comfort t o  a t ractor cab occupant . S ixt een male univers i ty 
3 
s tudent s ubj ects  ware exposed to an air flow rate o f  8 . 5  m /min and a 
mean cab air velo�i ty o f  1 1 . 45  m/min . They pedalled agains t a work­
load o f  33 wa t t s on a bicycle ergome te r for five minutes wi th five 
minu te res t int ervals and were al lowed to adj us t the cab t emperature 
6 7  
6 8  
to maint ain a comf o i.t ab le envh�onment . · Each sub j ec t · remaine d it1 the 
- cab for two hours . P e r t inent data neces s a ry to de t e rmine ·c·on1fort was · · 
measured ea.ch hal f  hour . P redicted mean vo tes were cal cul ated from 
the dat a collect ed for each subj e ct and were analy zed . 
I t  was conc l ud ed that Fan ger ' s  equa t i on for P redic ted Mean· Vote 
. did adequat e ly p redict comf ort in a tractor cab f o r  summe r  condi tions 
in South Dako t a . Also , a per.� on r s  idea of comfo r t  did not change 
signi ficant ly a f t er the firs t hal f-hour in the tractor cab � Final ly , 
cab tempe rat ure alone is not an adequat e indicator o f  comfort in a 
tractor cab . 
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SUMMARY OF CAL CUT....AT I ONS 
The foll owing exampl e i ll us trates the t re a tment of the dat a by 
means of a seq ue nce of fo rmulas us ed in the study . 
1 .  S ubj e c t : numb e r  one 
Heigh t : 
We igh t : 
Age : 
1 85 . 4  cm 
7 7 . 6 Kg 
2 1  
Body S ur face Area (�u) : 2 2 . 0 1  m 
2 .  Workload = Tens ion (ki loponds )  x Speed ( Rev/ s e c) 
3 .  
4 .  
x 1 . 62 5  me t ers /r ev x 60 sec/min 
� 0 . 69 x 3 . 0  x 1 . 6 2 5  x 6 0  
= 202  ki lo pond-me t ers /min 
a 33 watts 
0 
Ambi ent remperature (T  or t ) = 1 8 .  3 C 
a 
Dry-b ulb Temperat ure ( t
db
) = 1 9 . 2
° 
C = 6 6 . 6° F 
5 . We t -b ulb Temperature ( t
wb
) = 1 3. 1
° 
C = 55 . 6° F 
6 .  Barometr i c  Pressure (P)  = 1 3. 7 7 p s ia 
7 .  
Ambient Press ure (PB ) = 7 1 4 mm Hg 
Vapor P ressure at the We t-b ulb Tempe rat ure (P • ) vwo 
c 0 . 2 1 7 9 2  p s i a  [ from Tab le 7-2 o f  Olivi eri ( 2 4 ) ) 
8 .  P re s s ure o f  Wa t e r  Vap o r  in Ambient Air (Pv) 
(P-Pvwb ) (tdb-twb ) 
= p -
vwb 2 8 30 - 1 . 4 4 twb 
( 1 3 . 7 7-0 . 2 1 7 9 2 ) (66 . 6- 5 5 . 6 ) 
= 0 . 2 1 7 9 2 - 2 830 - 1 . 44 ( 55 . 6) 
• 0 . 1 6 4  p s i a  
73 
Wate r  Vap or Tens ion at the Ambi en t  Tempe rature (n o r  p ) L H2o a 
-= 8 . 48 mm Hg 
9 .  Correct ion Factor ( CF) 
10 . 
1 1 .  
12 . 
2 7 3  PB-PH20 
m T + 2 7 3  x 760 
2 7 3  7 1 4  - 8 . 4 8 
c 1 8 . 3 + 2 7 3  x 7 60 
- 0 . 870 
Pulmonary Vent ilat ion 
• V x CF 
obs e rved 
ID 1 8 . 95 X 0 . 870  
c 
1 6 . 49 Liters /min 
(V
STPD
) 
Oxygen Cons ump tion (V02
) 
c ( 0 . 209 - PO ) x VSTPD 2 
c (0 . 209 - 0 . 1 5 5 ) x 1 6 . 49 
• 0 . 90 7  Li te rs /min 
Metabolic Rat e  (MR) 
v0 x 4 . 825  x . 60 
= �·-----
'\u 
0 . 90 7  x 4 . 82 5  x 60 I: 
2 . 0 1  
= 1 30 . 4  Kcal/m
2
-h r 
1 3 .  Mean Rad iant Temperat ure ( tMRT )
: 
0 
Black-globe Temperat ure ( t g
) = 6 7 . 5  F 
( ) = 6 2 . 5
° 
F Ambi ent Air Temperature t
a 
Air Ve locity (v) = 10 . 08 m/min = 33 . 1  fpm 
?4 
4 4 8 TMRT = T8 + ( 1 . 38 3 x 10 ) IV { t g - t a) 
= (6 7 . 5 + 460 )
4 
+ ( 1 . 383  x 10 8) 133 . l  ( 6 7 . 5  - 6 2 . 5 ) 
0 0 tMRT = 7 4 . 1 F = 2 3 . 4  C 
1 4 .  P re d i c t ed Mean Vote (PMV) : 
2 
Act ivi ty level (M/�u) = 78 . 7  Kcal /hr-m (Ave rage o f  8 
read i ngs ) 
Clothing : f
c l  • 1
. 1 1}' 
From Tab le 2 o f  Fanger ( 1 3) 
Icl • 0 . 5
0 
0 
Air Temp e rat ure ( t  ) = 18 . 3  C a 
0 Mean R�diant Temperat ure ( t
MrlT
) = 2 2 . 7 _ C (Ave rage o f  3 
read ings ) 
Rel a t ive. Ai r  Veloci ty (v) = 0 . 10 tn/sec 
Ai r Humid i ty (p ) = 8 . 4 8 mm H g  
a 
Usin g  the ab ove var iab les , the equat ions on page 4 7  o f  the text 
were s olve d  wi th an IBM 360 computer to pres ent the fol lo�i ng resul t s : 
t = 2 7 . 86° c 
c l  
P MV  = -0 . 49 
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EXPERIMENTAL DATA 
Air Air 
Tempera- Veloc- Oxygen 
tu re i ty Vent ilat ion Rate consump tion Me tabolic Rat e  He art Rat e  
Subject oc m/min ! /min 1 /min Kcal /m2 /hr Beats /min 
1 19 . :l 10 . 39 2 1 . 36 2 3 . 1 2 2 3 . 3 7  1 . 1 7 1 . 1 5 1 . 1 7  1 7 2 . 1 7 1 69 . 2 2 1 7 2 . 1 7 9 9  1 0 2  1 00 
1 1 9 . 2 1 7 . 2 2 2 4 . 8 3 2 3 . 4 7 2 4 . 7 2 1 . 49 1 . 1 7 1 . 36 2 1 9 . 2 5 1 7 2 . 1 7 200 . 1 2 1 0 0  9 9  1 00 
l 1 9  . 2  2 8 . 0 3  2 5 . 7 3 2 5 . 36 24 . 20 1 . 29 1 . 2 7 1 . 2 1 1 89 . 82 1 86 . 88 1 7 8 . 0 5 1 0 2  1 0 2  1 00 
1 2 3 . 9  1 0 . 39 2 3 . 6 4 2 5 . 1 7 2 5 . 0 8 1 . 4 2 1 . 38 1 .  2 5 20 8 . 9 5  20 3 . 0 7 1 8 3 . 9 4 9 8  1 0 4  9 9  
1 2 3 . 9  1 7 . 2 2  24 . 10 2 4 . 2 3 2 5 . 6 1  1 .  2 1  1 . 21 1 . 28 1 7 8 . 0 5 1 7 8 . 0 5 1 8 8 . 35 9 9  9 6  9 9 
l 2 3 . 9 2 8 . 0 3 2 3 . 64 24 . 5 5 2 4 . 0 4 1 . 1 8 1 . 2 3 1 .  20 1 7 3 . 64 1 8,1 . 00 1 7 6 . 5 8 9 6  9 6  1 0 2  
l 2 9 . 9  1 0  . 39 2 4 . 9 3  2 5  . 6 1  26 . 0 5 1 . 6 2 1 . 5 3 1 . 5 6  2 38 . 38 2 2 5 . 1 4  2 2 9 . 5 5 1 00 1 06 1 0 4  
1 29 . 9  1 7 . 2 2  2 3 . 5 7 2 5 . 1 6  2 5 . 1 1 1 . 54 1 .  64 1 . 5 1 2 2 6 . 6 1 2 39 . 86 2 2 2 . 20 1 04 1 0 2 1 0 5  
l 2 9 . 9  2 8 . 0 3  24 . 0 7 1 9 . 3 7 1 8 . 45 1 . 69 1 .  35 1 . 1 1  2 4 8 . 68 1 9 8 . 65 1 6 3 . 34 1 04 1 0 8 1 0 5 
2 1 9 . 2  1 0 . 39 2 1 . 56 1 7 . 69 1 9 . 37 1 . 1 9  0 . 89 0 . 9 7  1 7 2 . 4 1  1 2 8 . 9 4 14 0 .  5 3  1 0 8  1 0 8  1 1 1  
2 1 9 . 2  1 7 . 2 2 1 6 . 6 2 1 4 . 6 9 14 . 90 0 . 84 0 . 7 4 0 . 7 5 1 2 1 .  70 1 0 7 . 2 1 1 0 8 . 6 6 1 04 1 00 1 10 
2 1 9 . 2  2 8 . 0 3  2 3 . 35 24 . 2 6 2 4 . 89 1 . 1 7 1 . 2 1 1 .  24 1 69 . 5 1 1 7 5 . 3 1  1 7 9 . 6 5  1 0 8 1 1 1 1 0 8  
2 2 3 . 9  1 0 . 39 2 1 . 1 9 1 9 . 9 4  2 3 . 04 1 . 2 7  1 . 20 1 . 1 6 1 84 . 00 1 7 3 . 86 1 6 8 . 0 6 1 05 1 0 6  1 1 1 
2 2 3 . 9  1 7 . 2 2  1 8 . 0 4 1 9 . 9 7 1 7 . 68 1 . 0 8 1 .  20 0 . 9 7 1 5 6 . 4 7 1 7 3 .  86 1 40 . 5 3  1 0 2  1 0 4  1 0 5  
2 2 3 .  9 2 8 . 0 3 1 5 . 19 1 7 . 5 7 1 9 . 69 0 . 7 6 0 . 88 0 . 9 8  1 09 . 88 1 2  7 . 1 0 1 4 2 . 49 1 00 1 0 4  1 1 1  
2 2 9 . 9  1 0 . 39 2 4  .. 1 9  1 9 . 84 20 . 78 1 .  70 1 . 39 1 . 4 5 2 4 6 . 30 20 1 .  38 2 1 0 . 0 8 1 0 4  1 0 8  1 1 2 
2 2 9 . 9  1 7 . 2 2  2 5 . 1 7 24 . 08  26 . 66 1 . 7 7 1 . 69 1 . 8 7 2 5 6 . 4 4 244 . 85 2 70 ,. 9 3 106 1 1 2  1 1 6 
2 29 . 9 2 8 . 0 3 29 . 4 3  30 . 4 5  26 . 36 2 . 06 2 . 1 3 1 . 84 2 9 8 . 4 5 308 . 60 266 . 5 8 1 1 6 1 20 1 1 8 
3 1 9 . 2  1 0  . 39 2 3 . 86 25 . 44 26 . 09 1 . 20 1 . 28 1 . 1 8 1 7 7 . 9 7  1 89 . 8 3 1 7 5 . 00 1 1 4 1 2 0  1 2 2  
3 1 9 . 2  1 7 . 2 2 2 2 . 44 24 . 72 24 . 1 1 1 . 3 5 1 .  36 1 .  2 1  200 . 2 1 20 1 . 69 1 7 9 . 4 5  1 1 4 1 1 2 1 1 7 
3 1 9 . 2 2 8 . 0 3  2 5 . 54 2 6 . 56 26 . 0 3  1 . 28 1 . 20 i . 1 1 1 89 . 8 3 1 7 7 . 9 7  1 7 3 . 5 2 1 20 1 20 1 2 0 
3 2 3 .  9. 1 0 . 39 2 3 . 6 2 2 3 . 86 2 5 . 6 3 1 .  30 1 . 20 1 .  28 1 92 . 80 1 7 7 . 9 7 1 89 . 83 1 20 1 20 1 2 6  
3 2 3 . 9  1 7 . 2 2  20 . 3 2 2 3 . 36 2 4 . 2 8 1 .  32  1 . 40 1 . 4 5  1 9 5 . 7 6 20 7 . 6 3  2 1 5 . 0 4 1 1 7  1 2 3  1 2 3 
3 2 3 . 9 2 8 . 0 3  24 . 44 26 . 30 2 6  . 1 3 1 . 2 2 1 .  3 1  1 . 3 1 1 80 . 9 3  1 9 4 . 2 8 1 9 4 . 28 1 2 4  1 24 1 1 6 
3 29 . 9  1 0 . 39 2 1 . 89 2 3 . 6 5 2 4 . 56 1 . 4 2  1 . 5 3 1 . 4 7 2 10 .  5 9  2 2 6 . 9 1  2 1 8 . 0 1  1 1 0 1 1 2 1 2 0 
..... 
..... 
Air Air . 
Tempera- Veloc- Oxygen 
ture i ty Ventilation Rate Consumption Met ab olic Rate Heart Rat e 
Subject .oc m/min l/min l/min Kc�l /m2 /hr Be ats /min 
3 29 . 9 1 7 . 2 2 24 . 89 2 7 . 09 2 7 . 58 1 . 7 5 I 1 . 7 7 1 . 80 2 59 . 5 3  2 6 2 . 50 2 6 6 . 9 5 1 24 1 2 3 1 2 3 
3 29 . 9 2 8 . 0 3 2 5 . 8 1 2 5 . 99 26 . 8 3 1 . 6 8 1 . 8 1 1 .  71., 2 4 9 . 1 5 2 6 8 . 4 3  258 . 05 1 2 2  1 2 2 1 24 
4 1 9  . 2  10 . 39 2 4 . 1 6 2 6 . 1 8 2 8 . 0 5 1 .  2 1  1 . 0 4  1 . 1 3 1 7 7 . 30 1 5 2 . 39 1 6 5 . 5 8 104 1 0 4  1 0 8  
4 1 9 . 2  1 7 . 2 2 2 3 . 1 9 2 4 . 24 24 . 09 1 . 1 6 1 . 09 0 . 9 7  169 . 9 1  1 5 9 . 7 1  14 2 . 1 3 1 0 5  1 0 2 1 0 4  
4 1 9 . 2  2 8 . 0 3  2 4 . 85 2 7 . 9 6  2 6 . 0 2  1 . 3 7 L 40 1 . 30 200 . 74 20 5 . 1 4 1 90 . 49 108  1 08 1 1 1  
4 2 3 . 9 1 0 . 39 24 . 9 8 24 . 33 2 6 . 0 1  1 . 50 1 . 46 1 . 56 2 1 9 . 79 2 1 3 . 9 3  2 2 8 . 5 8  1 0 2 1 0 4 1 0 4  
4 2 3 . 9  1 7 . 2 2 24 . 70 2 3 . 6 7 23 . 1 7 1 . 4 8 l . '• 2  1 . 39 2 16 . • 8 6  2 08 . 0 7 2 0 3 . 6 7 1 00 1 04 1 0 4  
4 2 3 . 9 2 8 . 0 3 2 2 . 5 1  2 2 . 6 7 23 . 36 1 .  3 5  . 1 .  36  1 . 40 1 9 7 . 8 1 1 9,9 .  2 8  20 5 . 1 4 . 1 0 2  1 0 2  10 4 
[. 2 9 . 9  10 . 39 2 5 . 34 2 6 . 1 9 25 . 2 2 1 .  7 8  1 . 8 3 1 . 6 4 2 60 . 82 2 6 8 . 1 5  240 . 3 1 104 1 1 0 1 0 4  
4 · 29 . 9 1 7 . 22  2 5 . 79 2 6 . 3 1 2 4  . 9 3  1 . 8 1  1 . 84 1 .  7 5  2 6 5 . 8 1  2 69 . 6 1  2 56 . 4 2 1 0 5  1 08 1 0 8  
4 2 9 . 9  2 8 . 0 3 26 . 4 1 24 . 2 3 2 5 . 6 8 1 .  7 2  1 .  70 1 . 80 2 5 2 . 0 3 249 . 10 2 6 3 . 7 5 1 1 4  1 04 1 1 0 
5 1 9  . 2  1 0  . 39 3 3 . 24 37 . 1 4 36 . 1 2 1 . 66 1 . 6 7 1 . 4 5 2 4 2 . 9 3 244 . 4 0  2 1 2 . 20 140 1 4 7  144 ' 
5 1 9 . 2 1 7 . 2 2 24 . 49 2 7 . 55 35 . 29 1 . 4 7  1 . 3 8 1 . 4 1 2 1 5 . 1 3 20 1 . 9 6  206 . 35 1 3 5 1 36 1 4 1 
5 1 9 . 2 2 8 . 0 3  36 . 26 35 . 85 3 5 . 39 1 . 6 3  1 . 4 4  1 . 4 2 2 38 . 5 4 2 10 . 74 20 7 . 8 1 1 50 1 44 144  
5 2 3 . 9 10 . 39 2 5 . 6 4 2 6 . 7 3 2 6 . 7 7  1 . 5 4 1 . 4 7 1 . 4 7 2 2 5 . 3 7 2 1 5 . 1 3 2 1 5 . 1 3 1 1 2  1 1 4 1 1 7 
5 2 3 . 9 1 7 . 2 2 2 7 . 0 5  2 6 . 0 5 2 8 . 9 4 1 . 49 1 . 3 1 1 . 59 2 1 8 . 0 5 1 9 1 .  7 1  2 3 2 . 69 1 1 6  1 2 0 1 2 0 
5 2 3 . 9  1 0  . 39 24 . 46 24 . 7 5 2 5 . 54 1 . 4 7 1 . 48 1 . 5 3 2 1 5 . 1 3 2 1 6 . 5 9 2 2 3 . 9 1  108 1 14 1 1 1 
5 29 . 9  1 0  . 39 2 2 . 0 6 2 3 . 9 4 26 . 5 2 1 . 4 3 1 . 4 3 1 . 59 209 . 2 7 209 . 2 7 2 3 2 . 6 9  1 24 1 30 1 2 9  
5 2 9 . 9  1 7 . 22 2 1 . 1 8 23 . 31. 28 . 2 9 1 .  38 1 . 40 1 . 69 20 1 .  9 6  204 . 8 8 24 7 . 32 1 2 9  1 32 1 34 
5 29 . 9  28 . 0 3 24 . 1 8 1 6 . 4 1  1 7  . 9 3  1 . 5 7 1 . 06 1 . 0 7  2 29 . 7 6 1 5 5 . 1 3 1 5 6 . 5 9 1 2 8  1 32 1 36 
6- 1 9 . 2 10 . 39 2 7 . 9 9  26 . 9 5  2 7 . 84 1 . 40 1 . 2 2 1 . 26 206 . 48 1 79 . 9 3 185 . 8 3 108 1 0 5 1 0 8 
6 1 9 . 2 1 7 . 2 2 24 . 5 5 2 4 . 86 2 5 . 1 0  1 . 4 8  1 . 49 1 .  38 2 1 8 . 28 2 19 . 75 203 . 5 3 1 0 4 1 05 105  
6 1 9  . 2  2 8 . 0 3 2 5 . 80 26 . 89 2 7 . 4 5 1 . 29 1 .  35  1 . 3 8 1 90 . 2 5 1 9 9  . 10 20 3 . 5 3 105 108 108 
6 2 3  . 9 . 1 0 . 39 27 . 82 2 7 . 1 2 30 . 0 1  1 . 8 1  1 .  7 6  1 . 80 2 6 6 . 9 5  2 59 . 5 7  2 6 5 . 4 7 1 20 1 2 0  1 2 0 
6 23 . 9 1 7 . 22 2 7 . 53 27 . 5 2 24 . 85 1.. 6 5  1 . 6 5 1 . 50 2 4 3 . 35 2 4 3 . 34 2 2 1 .  2 3  1 1 6  1 1 7  1 1 2  
6 2 3 .  9 28 . 03 24 . 56 24 . 5 .3 26 . 2 9 1 .  72  1 . 59 1 . 5 8 · 2 5 3 . 6 7 2 34 . 50 2 3 3 . 0 2 1 2 3  1 20 1 2 0  
6 29 . 9  10 . 39 2 3 . 6 2  2 2 . 65 24 . 86 1 . 6 5 1 . 59 1 . 6 2 24 3 . 35 2 34 . 50 2 38 . 9 2 1 24 1 20 
"' 
1 2 8  00 
Ai r Air 
Tempera- Veloc- Oxygen 
ture i ty Vent ilat ion Rate Consumpt ion Metabolic Rate Heart Rate 
Subject OC m/min l /min 1/min Kcal/m2 /hr Beats /min 
6 29 . 9 1 7 . 2 2 1 9 . 9 8 20 . 7 7  2 1 . 9 8 1 . 40 1 .  35 1 . l�2  206 . 4 8 1 99 " 10 209 . 4 3  108  108  1 1 1  
6 29 . 9 28 . 0 3  24 . 46 2 4 . 1 5 25 . 5 3 1 .  72  1 . 69 1 . 79 2 5 3 . 6 7 249 . 2 5 2 6 4 . 00 1 20 1 24 1 2 3  
7 1 9  . 2  1 0  . 39 1 3 . 0 7 1 3 . 0 7 1 3 . 90 0 . 7 9 0 . 79 0 . 84 1 1 3 .  35 1 1 3 .  35 1 2 0 . 5 3 9 9  100 9 8  
7 1 9 . 2 1 7 . 22 1 3 . 20 1 5  . 4 3  1 5 . 38 0 . 80 0 . 8 5 0 . 85 1 1 4 .  79 1 2 1 .  96 1 2 1 . 9 6  9 9  1 0 2  100 
7 1 9 . 2  28 . 0 3  1 3 . 6 2  1 3 . 80 15 . 70 0 . 8 1 0 . 69 0 . 7 8 1 1 6 .  2 2 99 . 00 1 1 1 . 9 2 102 100 102  
7 2 1 . 9 10 . 39 1 4 . 0 1 1 5 . 56 1 4 . 65 0 . 84 0 . 9 4  0 . 88 120 . 5 1 1 34 . 88 1 26 . 2 7 9 6  9 4  9 8  
7 2 3 . 9 1 7 . 2 2 1 3 . 56 1 3 .  79 14 . 06 0 . 82 0 . 8 3 0 . 9 2 1 1 7 .  6 6  1 1 9 a 09 1 32 . 0 1  9 6  96 .9 6  
7 2 3 . 9 2 8 . 0 3  1 7  . 85 1 9 . 2 2 1 8 . 1 1  0 . 90 0 . 9 6  O o 9 1  1 29 . 1 4 i v . 74 1 30 . 5 7 9 6  9 8  9 6  
7 29 . 9  1 0 . 39 1 9 . 19 19 . 39 19 . 44 1 . 5 3 1 . 55 1 . 55 2 1 9 . 5 3 22 2 . 40 2 2 2 . 40 99 1 00 100 
7 29 . 9  1 7 . 22 1 9 . 50 20 . 6 1 20 . 9 2 1 . 46 1 . 44 1 . 46 209 . 49 206 . 6 2 209 . 49 99  9 9  100 
7 29 . 9  2 8 . 0 3  17 . 9 9  1 8 . 5 3 1 9 . 9 4 1 . 35 1 . 30 1 . 49 1 9 3 . 70 1 86 . 5 3 2 1 3 . 79 9 3  96  98  
8 1 9 . 2  10 . 39 24 . 7 7  24 . 46 2 3  .. 65  1 . 48 1 . 4 7 1 . 30 1 9 8 . 5 5  1 9 7 . 2 1 1 7 4 . 40 l OO 1 00 
8 19 . 2 1 7 . 2 2 26 . 06 26 . 4 6 25 . 7 8 1 . 56 1 . 46 1 . 4 2 209 . 28 1 9 5 . 8 7 1 9 0 . 50 9 6  9 6  
8 19 . 2 28 . 0 3  2 2 . 45 22 . 6 1 24 . 0 3 1 . 35 1 . 36 1 .  32 1 8 1 . 1 1 1 82 . 4 5 1 7 7  ., 09 9 3  9 3  9 2  
8 2 3 . 9 10 . 39 2 3 . 0 1 2 2 . 85 23 . 5 7 1 . 87 1 .  7 2  1 . 89 2 50 . 8 7 2 30 � 7 5  2 5 3 . 56  9 0  88 9 2 
8 2 3 . 9  1 7 . 2 2 26 . 5 7  26 . 50 2 7  . 1 1 1 . 86 1 . 86 1 . 9 0 249 . 5 3 249 . 5 3 2 5 4 . 90 
8 2 3 . 9  2 8 . 0 3 2 5 . 44 26 . 1 5 25 . 9 7  1 .  78 1 . 84 1 . 9.5  2 38 . 80 246 . 85 2 6 1 . 6 1  100 
8 29 . 9  1 0 . 39 25 . 9 4  26 . 3 8 25 . 84 1 . 82 1 . 85 1 .  8 1  2 44 . 1 7 24 8 . 1 9 24 2 . 82 
8 29 . 9  1 7 . 22 2 3 . 90 24 . 2 6 2 5 . 4 7 1 . 6 8 1 . 82 1 .  7 9  2 2 5 . 38 24 4 . 1 7 24 0 . 14 
8 29 . 9  2 8 . 0 3 2 2 . 2 3 2 2 . 89 24 . 0 5  1 . 5 6 1 . 60 1 . 69 209 . 2 8 2 14 . 6 5  2 2 6 . 7 2  90 
9 19 . 2 10 . 39 2 3 . 00 2 1 . sa 22 . 9 8  1 .  38 1 . 30 1 . 38 19 4 . 1 2 1 82 . 8 7 1 9 4 . 1 2 1 14 l lO 1 1 7  
9 19 . 2  1 7 . 22 20 . 83 2 1 .  76 2 1 . 7 3  1 . 2 5 1 . 3 1 1 . 4 2  1 7 5 . 84 1 84 . 2 8 199 . 7 5  1 2 0  1 1 4 1 10 
9 19 � 2 28 . 0 3 1 8 . 90 2 2 . 09 20 . 9 3  1 . 3 3 1 . 5 5 1 . 4 7 1 8 7 . 09 2 1 8 . 04 206 . 7 8 1 1 4 1 1 4 1 20 
9 2 3 . 9 . 1 0  . 39 25 . 24 2 5 . 10  25 . 9 2  2 . 0 2 2 . 0 1  1 . 9 5  284 . 1 5 2 82 . 75 2 n . 3 1 1 1 5 1 2 0 1 2 3  
9 2 3 . 9 1 7 . 22 24 . 64 24 . 56 24 . 1 2 1 .  7 2  . 1 . 72  1 . 8 1 24 1 . 9 5 24 1 .  9 5  254 . 6 1  1 2 3 1 20 1 20 
9 2 3 . 9 2 8 . 0 3 2 7 . 9 0 26 . 0 6  25 . 1 2 1 . 96 1 . 8 3 1 . 7 5 · 2 7 5 . 7 1  2 5 7 . 4 3 24 6 . 1 7 1 1 6  1 0 5  1 1 6 
" 
9 29 . 9 10 . 39 2 5 . 79 2 5 . 9 4 25 . 49 L 8 1 1 . 9 5  1 .  79 2 54 . 6 1 2 74 . 3 1 2 5 1 .  80 1 20 1 2 3 1 2 3 '° 
Air Air 
Tempe ra- Veloc-
ture ity 
_Subject ·oc -·---�-tn./m_in 
9 2 9 . 9  1 7 . 2 2 
9 29 . 9  2 8 . 0 3 
10  1 9 . 2  i 0 . 39 
1 0  1 9. 2 1 7 . 2 2 
1 0  1 9 . 2  28. 0 3  
1 0  2 3 . 9  10 . 39 
10  2 3 . 9  1 7 . 2 2 
1 0  23 . 9 2 8 . 0 3 
iO  2 9 . 9 1 0 . 39 
10  2 9 . 9  1 7 . 2 2 
10 29 . 9  28 . 0 3 
1 1  1 9 . 2  10 . 39 
1 1  1 9 . 2 1 7 . 2 2 
1 1 1 9 . 2 28 . 0 3  
1 1  2 3 . 9 1 0 . 39 
1 1. 2 3 o 9  1 7  . 2 2 
1 1  2 3 . 9 2 8 . 0 3 
1 1  2 9 . 9  1 0  . 39 
1 1 2 9 . 9  1 7 . 22 
1 1  2 9 . 9  2 8 . 0 3 
1 2  1 9 . 2 10 . 39 
1 2 19 . 2 1 7 . 2 2 
12  1 9 e 2 28 . 03 
1 2  2 3 . 9· 10. 39 
1 2  2 3 . 9  1 7 . 22 
1 2  23 . 9 2 8 . 0 3 
1 2  29 . 9  10 . 39 
Oxygen 
Ventilation Rate Consumpt ion Metaboli� Rate 
·� � . -
2 5 . 75 
2 2 . 5 5 
2 6 . 7 5 
2 7 . 0 1  
2 3 . 0 8 
29 . 4 7 
26 . 5 1 
32 . 5 5 
2 6 . 1 3 
2 7 . 7 7 
29. 70 
1 7 . 0 2 
2 5 . 5 3 
2 2 . 34 
2 3 . 27 
24 . 74 
2 6 . 5 3 
28 . 26 
26 . 33 
26 . 0 7 
2 5 . 76 
2 1 . 8 7 
2 3 . 6 5  
2 4 . 42 
3 1 . 32 
25 . 1 6 
2 3 . 06 
1/min 
2 5 . 1 8  
2 4 . 59 
2 7 . 2 2 
2 8 . 1 8 
2 8 ·� 1 7 
2_9 . 9 9  
2 9 . 9 9  
30 . 3 2 
26 . 1 9 
30 . 19 
2 9 . 7 2  
1 9 . 5 6 
2 5 . 2 6 
2 3 . 9 3 
2 !i . 7 5  
2 .5 . 1 0 
26 . 8 5 
2 8 . 59 
25 . 1 8 
26 . 9 5  
24 . 9 9  
2 2 . 14 
23 . 8 1 
2 4 . 1 9 
2 8 . 54  
2 5 . 80 
2 4 . 5 8 
2 4 . 24 1 . 8 1 
2 5 . 5 3 1 . 58 
2 7  . 1 8 1 . 8 7 
28 . 69 1 . 89 
2 5. 1 1 1 .  7 3  
32 . 9 8 2 . 0 6  
30 . 6 1  2 . 1 2 
3 1 . 2 4  2 . 1 2 
26 . 37 2 . 0 9  
3 1. 26  1 . 9 4  
32 ., 4 8 2 . 0 8  
1 9 . 7 5 1 .  36 
2 5 . 44 1 . 5 3 
23 . 1 7 1 . 4 6 
26 � 5 7 1 . 5 2 
2 7 . 3 7 1 . 49 
26 . 8 3 1 . 59 
2 8 . 7 2 1 . 9 8 
26 . 84 1 . 84 
28 . 2 2. 1 . 69 
26 . 10 1. . 1 6 
2 3 . 2 1 1 . 4 2 
2 5 . 14 1 .  30 
24 . 34 . L 10 
3 1 . 2 2  1 . 5 7 
25 . 4 7 1 . 26 
2 5 . 2 2 1 . 6 2 
1/tnin 
1 .  7 6  
1 .  7 2  
1 .  7 7  
1 . 8 3  
1 . 8 3 
1 . 9 5  
2 . 40 
1 . 9 7  
1 . 9 6  
1 . 9 6  
2 . 0 8  
1 . 5 7 
1 . 5 2 
1 . 44 
1. 49 
1 . 5 1 
1 . 6 1  
2 . 0 0 
L 76 
1 . 6 2  
1 . 00 
1 . 32 
1 . 1 9 
1 .  2 1  
1 . 4 3 
1 . 29 
1 .  7 2  
Keal/nt /hr 
1 . 8 5 254 . 6 1  
1 .  79  2 2 2 . 2 6 
1 . 9 0  263 . 1 7 
1 . 8 6 2 6 5 . 99 
1 . 5 1 24 3 . 4 7  
1 . 9 8 2 89 . 9 1  
2 . 1 1 298. 35 
2. 0 3  2 9 8 . 3 5 
1 . 85 29 4 . 1 3 
2 . 0 3  2 7 3 . 0 2 
2 . 28 29 2 e 7 3 
1 . 4 8 204 . 70 
1 . 53 2 30 . 29 
1. 39 2 1 9 . 75 
1 . 60 2 28 . 78 
1. 64 2 24 . 2 6 
1 . 6 1  ' 2 39 . 39 
2 . 0 1  29 8 � 0 2 
1 . 8 8  2 76 . 9 4 
1 . 69 2 54 . 3 7 
1 . 05 1 7 6 . 64 
l . 2 i 2 1 5 .  7 1 
1 . 26 1 9 7 . 9 6 
1 . 10 1 6 7 . 36. 
1 .  2'•  2 39 . 0 8  
1 .  2 7  . 1 9 1 . 34 
l. 76 246 . 69 
2 4 7 . 5 8 2 60 . 2 4 
2 4 1. . 9 5 2 5 1 .  80 
249 . 10 26 7. 39 
2 5 7 . 54 2 6 1 .  76  
2 5 7. 54 · 2 1 2 . 5 1  
2 7 4 . 4 3 2 7 8 . 6 5 
3 3 7 . 76 2 9 6  .. 9 5  
2 77 . 24 2 8 5 . 69 
2 7 5 . 84 2 60 . 36 
2 7 5 . 84 2 8 5 . 69 
2 9 2 . 7 3 320 . 87 
2 36 . 3 1 2 2 2 . 7 6 
2 28. 78  2 30 . 29 
2 1 6 . 74 209 . 2 1 
2 24 . 2 6 2 4 0 . 82 
2 2 7 . 2 7 2 4. 6 . 84 
24 2 . 33 2 4 2. 3 3  
30 1. 0 3  302 c 5 3 
264 . 90 2 82 . 9 6 
24 3 . 8 3 2 5 4 . 3 7 
1 52 . 28 1 5 9 . 89 
20 1 . 59 1 9 3 . 7 5  
1 8 1 . 2 1  1 9 1 . 87 
1 84 . 2 1 1 66 . 7 7  
2 1 7 . i6 1 8 9 . 5 1  
1 96 . 1 8 1 9 3. 7 3 
26 1 . 9 2 2 6 8 . 0 1  
Heart Rate 
_B�ats /m�n 
1 1 8  1 1 4 1 1 8 
1 20 1 1 6 l l O 
1 30 1 2 6 108 
1 36 1 30 1 35 
1 2 4 1 1 6 1 1 4 
1 2 3 1 2 9 1 2 6  
1 2 6  1 2 6  1 32 
1 2 0 1 20 1 1 7  
1 3 2  1 32 1 2 9 
1 2 4  1 28 1 3 2 
106 1 1 1 
1 1 2 1 1 2 1 1 6  
1 10 1 20 1 1 2  
1 1 6 1 1 7  1 1 7 
1 1 6 11 6  1 1 8  
1 20 1 1 6 1 2 2 
1 2 6 1 2 4 1 2 8  
1 20 1 20 1 2 6  
1 20 1 20 1 2 6 
104 1 08 1 02 
1 0 2  1 00 1 0 0  
104 106 102 
104  9 9  1 05 
1 0 5  1 02 1 1 2  
1 0 4 1 0 8  1 1 1 
1 0 8  1 1 2 1 1 4 
00 0 
Air Air . 
Tempera- Veloc- Oxygen 
ture ity Vent ilation Rate Conswnption Metab olic Rate Heart Rate 
Subject _oc m/min l /min l /min Kc�l/m2 /hr Beats /min 
1 2  29 . 9  1 7 . 22 2 2 . 0 1  2 2 . 2 2 2 2 . 60 1 . 54 1 . 5 5 1 . 5 8 2 34 . 5 1  2 36 . 0 3 2 40 . 60 1 0 2  1 0 4  1 0 6  
1 2 2 9 . 9 28 . 0 3 2 2 . 06 2 2 . 44 23 . 20 1 . 5 5 1 . 5 7  1 . 6 3 2 3 6 . 0 3 2 39 . 08 2 4 8 . 2 1  1 0 2  1 06 1 1 0 
1 3 1 9 . 2  1 0 . 39 2 1 . 5 7 2 1 . 6 5 2 1 . 0 1 1 . 0 8  1 . 09 1 . 0 5  1 6 2 . 1 0  1 6 3 . 6 0  1 5 7 . 60 9 6  1 14 1 1 4 
1 3  1 9 . 2  1 7 . 2 2  2 0  . 1 9 1 9 . 7 8 20 . 76 1 . 2 2  1 . 19 1 .. 1 5  1 8 3  . 1 1 1 7 8 . 69 1 7 2 . 6 1 88 90 87 
1 3  1 9  . 2  28 . 0 3 1 9 . 80 2 1 . 3 7 2 2 . 28 1 . 09 1 . 06 1 . 2 2 1 6 2 . 8 7  1 59 . 79 1 8 3 . 7 9 8 1  1 0 5 9 2  
1 3  2 3 . 9  1 0  . 39 20 . 1 5 2 2 . 39 2 1 . 9 7  1 . 2 1 1 . 4 6  1 . 32 1 8 1 . 6 1  2 1 9 . 1 4 1 9 2 . 1 2 1 1 4 1 1 8  1 20 
1 3  2 3 . 9 1 7 . 2 2 1 9 . 4 3  20 . 5 7 2 1 . 45 1 . 2 7 1 . 24 1 . 29 1 9 0 . 60 1 86 . 1 1 1 9 3 . 6 2 1 1 2 1 1 1  1 1 2 
1 3 2 3 . 9  28 . 0 3  1 8 . 2 2  20 . 4 2  20 . 7 5 1 . 1 8 1 . 2 2 1 . 24 1 7 7 . 1 7  1 8 � . 2 2 1 86 . 1 9 . 1 1 1 1 1 4 1 1 4 
1 3 29 . 9  1 0  . 39 1 1 . 0 7  1 0 . 8 3 1 1 . 5 2 0 . 8 3 0 . 8 2  0 . 9 2 1 2 4 . 58 1 2 3 . 0 8 1 3 8 . 09 1 1 8 1 20 1 20 
1 3 29 . 9  1 7 . 2 2 1 1 .  78  1 2 . 50 1 2 . 1 9 0 . 89 0 . 9 4 0 . 86 1 3 3 . 58 1 4 1 . 09 1 29 . 0 8  1 1 8  1 1 8  1 2 1. 
1 3  29 . 9  28 . 0 3  1 5 . 22 1 5 . 5 5 1 8 . 76  1 . 2 2  1 . 09 1 .  3 1  1 8 3 . 1 1  1 6 3 . 60 1 9 6 . 6 2  1 1 4 1 1 6 1 1 4 
1 4  1 9 . 2  10 . 39 5 . 78 6 . 2 3 6 . 32 0 . 37 0 . 3 7  0 . 35 6 5 . 1 5 64 . 7 3 60 . 2 5 1 1 4  1 1 4 l i 4 
1 4  1 9 . 2 1 7 . 2 2 4 .  7 7  5 . 2 3 5 . 4 5 0 . 2 6 0 . 2 6  0 . 2 7 4 5 . 54 45 . 38 4 7 . 2 6 1 1 4 108  1 0 8  
1 4  1 9 . 2  28 . 0 3 4 . 4 1  4 .  37 4 . 55 0 . 2 2 0 . 24 0 . 2 3 38 . 20 4 1 . 69 3 9 . 40 1 2 0 1 1 4 1 2 0 
1 4  2 3 . 9 1 0 . 39 6 . 4 1  6 . 6 9  7 . 0 7  0 . 3 8 0 . 40 0 . 4 2 66 . 44 6 9 . 3 3 7 3 . 2 8  1 1 1  1 1 4 1 1 4 
1 4  2 3 . 9 1 7 . 2 2  5 . 8 1  5 . 6 6 5 . 6 2 0 . 35 0 . 3 1 0 . 34 60 . 39 5 3 . 9 1  5 8 . 46 1 1 4 1 1 2 1 1 1  
1 4  2 3 . 9  2 8 . 0 3 6 . 46 6 . 3 1  6 . 0 3  0 . 45  0 . 38 0 . 3 6 7 8 . 33 6 5 . 5 6 6 2 . 6 7 1 1 4 1 1 1 . 1 1 1 
1 4  29 . 9  10 . 39 5 . 88 6 . 59 6 . 82 0 . 38 0 . 39 0 . 4 1 6 6 . 0 2 6 8 . 28 70 . 6 7  1 2 0 1 2 2 1 2 2  
1 4  29 . 9  1 7 . 2 2 5 . 9 7  5 . 9 6 6 . 2 8 0 . 38 0 . 38 0 . 37 66 . 9 4 6 6 . 84 6 4 . 9 5 1 2 2  1 1 7 1 20 
1 4  29 . 9 2 8 . 0 3  s .  7 3  5 . 59 5 . 40 0 . 40 0 . 39 0 . 35 69 . 1 9 6 7 . 60 60 . 5 5 1 14 1 1 4 1 1 6 
...  
1 5  1 9 . 2  1 0 . 39 1 1 . 79 1 2 . 2 7 1 1 . 7 5  0 . 59 0 . 6 1 0 . 5 8 80 . 2 1  83 . Sit 79 . 9 8  90 9 2  9 2  
1 5  19 . 2  1 7 . 2 2 1 1 .  6 .5  1 1 .  7 9  1 1 . 00 0 . 5 2  0 . 5 3 0 . 49 7 1 . 44 7 2 . 30 6 7 . 4 3 92  9 0  9 0  
1 5  1 9 . 2  2 8 . 0 3 1 1 . 24 1 1 . 0 6  1 1  .. 40 0 . 6 1  0 . 5 5 0 . 5 7 84 . 22 75 . 37 7 7  . 6 9 88 90 9 2  
1 5  2 3 . 9  1 0 . 39 9 . 1 3 1 0 . 7 3 10 . 8 5 0 . 4 5 0 . 5 3 0 . 5 4 6 2 . 1 1 7 3 . 0 3 73 . 8 3 9 3  9 3  9 2  
1 5  2 3 . 9  1 7 1' 2 2 1 0  . 1 8 9 .. 5 3  8 . 1 3 0 . 56 0 . 5 2 0 . 4 8 76 . 1 3 7 1 . 2 4 66 . 28 9 0  8 8  9 2  
1 5  2 3 . 9 28 . 0 3  10 . 0 1 9 . 88 1 1 . 99 0 . 50 0 . 49 0 . 60 6 8 . 1 0  6 7 . 2 3 8 1 . 60 9 6  9 3  8 8  
1 5 29 . 9  1 0 . 39 10 . 9 8  1 1 . 1 7 1 1 . 4 7 0 . 54 0 . 55 0 . 5 7 74 . 59 75 . 9 4 7 7  . 9 7 8 7  9 3  
co 
9 2  .... 
Air Air 
Tempera- Veloc- Oxygen 
ture i ty Ventilation Rate Consumpt ion Metabolic Rate 
Subject _ ·oc _m/min_ _ 1_/_Il!i._tL � __ _ _ __ l /min _ _ _ ____ ____ �c�l /m_2 j_hr 
Heart Rate 
Beats /min 
1 5  
1 5  
1 6  
1 6  
1 6  
16 
1 6  
1 6  
1 6  
1 6  
16  
29 . 9  
29 . 9  
1 9 . 2  
1 9 . 2  
19 . 2  
2 3 . 9  
2 3 . 9  
2 3 . 9  
2 9 . 9  
29 . 9  
29 . 9  
1 7 . 2 2 1 1 . 6 3 1 1 . 9 3 1 1 . 7 7 0 . 64 0 . 7 1 0 . 6 4  8 7 . 72 9 7 . 32 8 7 . 7 2  9 6  9 2  9 0  
2 8 . 0 3  1 1 . 75 1 1 . 88 1 1 . 30 0 . 70 0 . 7 1 · 0 . 68 9 5 . 9 5 9 7 . 32 9 3 . 20 8 8  9 2  9 0  
10 . 39 1 2 . 6 8  1 2 . 8 3 1 3 . 2 1 0 . 5 7  0 . 5 7  0 . 5 3 
1 7 . 2 2 1 2 . 06 1 2 . 1 5 1 2 . 9 8 0 . 60 0 . 60 0 . 5 8  
2 8 . 0 3  1 1 . 0 7 1 1 . 50 1 1 . 2 7 0 . 6 1  0 . 5 7 0 . 5 6  
10 . 39 1 1 . 4 3  1 2 . 20 1 2 . 2 1  0 . 5 1  0 . 5 5 0 . 55 
1 7 . 2 2 1 2 . 78 1 2 . 9 8  1 3 . 28 0 . 6 4  0 . 6 5  0 . 59 
2 8 . 0 3  1 1 . 84 1 0 . 69 1 1 . 36 0 . 5 3 0 . 53 0 . 5 1  
1 0 . 39 1 2 . 2 7 1 1 . 90 1 2 . 29 0 . 6 7  0 . 6 5 0 . 6 8 
1 7 . 22 1 2 . 6 3  1 2 . 9 2  1 3 . 1 1  0 . 76 0 . 7 8 0 . 79 
2 8 . 0 3  1 1 . 90 1 2 . 6 2 1 2 . 4 1  0 . 72 0 . 76  0 . 7 5 
7 7  . 06 
8 1 . 4 2  
8 2 . 4 3 
69 . 5 1  
86 . 28 
7 2 . 2 3 
9 1 . 59 
10 3 .  24 
9 7 . 80 
77  . 9 5  
82 . 0 1  
7 7  . 80 
74 . 20 
8 7 . 66 
7,2 . 4 6 
8 8 . 7 7  
1 0 5 . 9 5  
1 0 3 . 24 
7 1 . 36 1 1 2 
7 8 . 85 1 1 2  
7 6 . 2 8 1 1 1  
74 . 26 1 1 2 
80 . 70 1 1 4 
69 . 29 1 1 4 
9 1 . 7 1 1 1 6 
1 0 7 . 3 1 1 1 7 
10 1 . 88  1 1 7 
1 1 4 
1 1 4 
1 1 1  
1 14 
1 14 
1 14 
1 1 4 
1 1 7 
1 20 
1 1 4 
I l li 
1 1 2 
1 1 6  
1 1 4 
1 1 4 
1 1 6 
1 20 
1 1 8 
00 I'.) 
